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Abstract 
In recent years Unmanned Air Vehicles (UAVs) have been extensively used for both military 
operation and academic research. UAV designs are classified by the size, weight, endurance 
and mission. In addition UAV has the benefit of low cost, portable, autonomous. UAV with 
rotary wing has the advantage of controllability in low speed and at hovering. Rotary 
propeller with duct was applied in vertical take-off and landing. The duct has the benefit in 
protecting the propeller, reducing the noise and improving the thrust performance in hover 
condition. Counter-rotating propeller application began with commercial aircraft engine in 
1980s. The benefit of counter-rotating rotors is the fuel economy. With the development of 
UAV design counter-rotating technology has been used in UAV applications.  
The aim of this research is to employ a sensitivity study for the total thrust of a ducted twin 
counter-rotating propeller system design for UAV applications using computational fluid 
dynamics (CFD). Two factors were investigated: propeller spacing and difference between 
blades pitch angle. Using discrete values for both factors, 32 designs were analysed and 
evaluated. The same approach was also used for an equivalent unducted propeller system to 
access the influence of the duct. 
A ducted twin counter-rotating propeller system was modelled in ANSYS CFX. Shear Stress 
Transport (SST) turbulence model was used for steady state simulations. An unstructured 
mesh with prism boundary layers was generated for the computational domains. It was found 
that the total thrust of both ducted and open counter-rotating propeller is highly dependent on 
the propeller spacing and difference between blades pitch angle. In terms of total thrust, the 
presence of a duct did not always improve system performance of counter-rotating propellers.  
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Nomenclature 
Ar         Area of rotor disk [m
2
]  
Ae        Diffuser exit plane area [m
2
]  
B         Number of blades [-] 
c          Chord length [mm] 
cd         Sectional drag coefficient 
cl         Sectional lift coefficient 
D         Diameter of the propeller [cm] 
h0        First layer height [m] 
k          Turbulent kinetic energy [m
2 
/ s
2
] 
m
        
Mass flow rate [kg/s] 
dQ       Torque of blade element [N · m] 
dr        Incremental radial distance [m]  
r          Local Radius [m] 
dT       Thrust of blade element [N] 
Tduct     Duct thrust [N] 
Trotor    Rotor thrust [N] 
Ttotal      Total thrust [N] 
U∞       Inlet velocity [m/s] 
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∆V       Change of velocity 
Ve        Relative velocity [m/s] 
y+       Dimensionless wall distance [-] 
α         Angle of attack [degree] 
βf         Pitch angle of the front blade [degree] 
βr        Pitch angle of the rear blade [degree] 
ε         Turbulence eddy dissipation [m2/s3] 
∆θi      Difference between blades pitch angle [degree] 
𝜏𝑤      Shear stress on the wall 
ν         Kinematic viscosity [m2/s] 
ρ         Density [kg/m3] 
σd       Diffuser expansion ratio [-] 
φ        Advance angle [degree] 
ω        Specific dissipation rate [s-1] 
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Abbreviations 
CAD       Computer Aided Design 
CAE       Computer aided engineering 
CEL       CFX Expression Language 
CFD      Computational Fluid Dynamics 
DES       Detached Eddy Simulation 
DNS       Direct Numerical Simulation 
LES        Large Eddy Simulation 
MAV      Micro air vehicle 
MFR      Multiple frames of reference 
NACA    National Advisory Committee for Aeronautics 
RANS     Reynolds Averaged Navier-Stokes 
RMS       Root Mean Square 
rpm        Revolutions per minute 
SAS       Scale-adaptive simulation 
SST        Shear Stress Transport 
UAS      Unmanned aircraft system 
UAV      Unmanned aerial vehicle 
VTOL    Vertical take-off and landing 
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Chapter 1 
Introduction 
1.1 Background 
Unmanned aerial vehicle (UAV) design is a global activity and it is an important field in the 
aircraft design. In recent years various UAV (or UAS) emerged quickly because of the 
potential benefits which include: better transportability due to small size and lower 
manufacturing and operating cost compared with manned aircraft. In addition, because there 
is no pilot on board UAVs, these systems can be used for dangerous role such as conducting 
surveillance buildings which suffered damage as a result of earthquake and tsunami. UAV 
characteristics have been developed to meet the requirements of civil or military application. 
UAVs can be classified either by performance characteristics such as weight, endurance and 
range, attitude and engine type or by mission aspects such as surveillance, combat and 
vertical take-off and landing (VTOL).  
UAV categories generally include fixed-wing UAVs and rotary-wing UAVs. Global Hawk 
and Predator are well known fixed-wing UAV. The advantage of a fixed-wing UAV includes 
enhanced range and endurance, but fixed-wing concepts have some limits as well, such as 
poor performance in hover, take-off or land vertically. As a result, fixed-wing UAVs are very 
inefficient to operate effectively in urban areas and indoors. As a requirement for a military 
VTOL UAV, T-Hawk was developed by Honeywell shown in Figure 1.1.  
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Figure 1.1 Honeywell T-hawk (Honeywell, 2014) 
The Honeywell T-hawk is used mainly for military surveillance. The characteristics of the T-
hawk are its small size with 13 inch duct diameter and a piston engine. Typical UAV engines 
are 2-stoke engine, 4-stoke engine, Wankel engine, turbine engine or electric motor (Ravi, 
2010). The main characteristic of the T-hawk is the ducted fan as the propulsion system. The 
presence of a duct improves propeller efficiency, provides protection and improves safety. 
Stators with vanes were placed inside the duct to reduce the rotating flow effect of the fan. T-
hawk can also be classified into single rotor configuration. Single rotor configuration needs 
extra ailerons to produce pitch and roll torques (Castillo et al, 2005). T-hawk uses box vanes, 
which is just under the duct, as the main control effectors. Another VTOL UAV with ducted 
single rotor configuration is the iSTAR, as shown in Figure 1.2. A single jet engine was fixed 
inside the duct for propulsion. The control was achieved by using the deflecting vanes inside 
the jet exhaust (Lipera et al., 2001). 
Another application in VTOL UAV design is twin counter-rotating propellers to cancel out 
the torque. This technique is also used in some helicopters. For example, figure 1.3 shows the 
Chao Xu  RMIT University, Australia  
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X2 Technology (TM) Demonstrator model from Sikorsky. Randall et al. (2011) designed and 
investigated the thrust value versus angle of attack and cruise speed for open counter-rotating 
propeller in Micro air vehicle (MAV) application by experiment. Figure 1.4 shows the design 
of the MAV in hover condition.  
 
Figure 1.2 iSTAR Micro Air Vehicle (Lipera et al., 2001) 
 
Figure 1.3 X2 Technology (TM) Demonstrator model from Sikorsky (Sikorsky, 2014) 
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Figure 1.4 VTOL MAV from University of Arizona (Randall et al., 2011)  
One of the UAV designs from RMIT University is shown in Figure 1.5. Zhao (2009) 
combined the characteristics of both counter-rotating propellers and ducted propeller for the 
UAV design using two counter-rotating electric motors as the propulsion system. In his 
research both CFD simulations and wind tunnel tests were used to analyse the flow 
characteristic of the UAV model at different speeds and angle. Conventional control surfaces 
were used in his design, including two wing ailerons and four tail flaps. 
 
Figure 1.5 UAV preliminary designs (Zhao, 2009) 
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1.2 Literature review 
Ducted twin counter rotating propeller holds the complex flow physics and geometry. A lot 
of research still focused on the ducted single propeller or related areas. The design and 
simulations of ducted twin counter-rotating propeller in this study is carried out in three steps. 
In the first step isolated front propeller design and simulation were performed. The first step 
was the foundation of the other two. In the second step the rear propeller was determined 
with a diffuser duct. The performance of ducted counter-rotating propeller was evaluated. In 
the final steps the equivalent open counter-rotating propeller was investigated to assess the 
influence of the duct in thrust performance. Therefore the literature review part includes 
isolated propeller simulation, ducted propeller or fan simulation, related area including duct 
application in wind turbine, open counter-rotating propeller and ducted counter-rotating 
propeller.  
Schafroth (2010) investigated rotor performance for single propeller in ANSYS CFX. Fluid 
domain is divided into mesh element and Navier-Stokes equations are solved using Finite 
Volume Method. The whole computational domain was divided into three sub-domains, two 
rotating domains and one stationary domain, as shown in Figure 1.6. There are two blades for 
the single propeller. Only half of the rotor was modelled due to the symmetry. This method 
reduced the number of mesh elements and computational time. Periodic conditions were used 
between two blades. The author highlighted the advantages of using three domains. It is 
possible to use different types of mesh. In addition, the size of the domain has to minimize 
the influence of the boundary condition on the flow. The domain is required to be large 
enough and the computational time is also considered. The size of the domain has an 
influence on the thrust value and convergence of the computation.  
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Figure 1.6 Single rotor CFD setup (Schafroth, 2010) 
Yin et al. (2012) analysed the aerodynamics and aeroacoustic phenomena characteristic of a 
pusher-propeller configuration. The configuration of the model is pusher propeller with five 
blades. Unsteady state simulations were performed using DLR unstructured solver TAU code. 
In their study mesh generation was completed using the Centaur grid generator. Chimera grid 
approach was the main method which results in seven blocks for the isolated and installed 
propeller configuration, as shown in Figure 1.7. Local fine grid was created near the wing and 
nacelle parts. The method ensures the CFD resolve the engine jet and wing wakes. In addition 
grid refinement was also adopted after the propeller to simulation the propeller slipstream 
flow. Boundary layers are used with prismatic elements. They highlighted that the advantage 
of using individual blade blocks. This approach allows variation of blade pitch setting and 
enables easy substitution of the propeller blades. The computational cost was large using the 
overset grids and unsteady state simulations.   
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Figure 1.7 CFD meshing approach (Yin et al., 2012) 
Roosenboom (2011) studied the propeller slipstream properties, including velocity and 
vorticity and assessed the unsteady behaviour of the propeller flow field at high disk loadings, 
zero thrust and thrust reverse using the Particle Image Velocimetry (PIV) and CFD method. 
The nacelle and wing configurations were considered to investigate the interaction between 
propeller and wing. CFD method was used to better explain the complex flow phenomena. 
Vortex structures are visualized in the CFD results, as shown in Figure 1.8. In addition to the 
wing vortex, tip vortex and nacelle vortex are formed and obtained in CFD. The nacelle 
vortex is near the upper surface of the wing. Part of the PIV result is validated with the CFD 
simulation. There is quantitative mismatch between the experiments and CFD results in terms 
of the circulation. The Reynolds-Averaged Navier-Stokes calculation has limited capability 
in determining massive separated flow region. The RANS results are also highly dependent 
on the applied turbulence model. The author highlighted that the RANS and URANS 
methodology remains an industry standard for propeller flow computations. Pure LES and 
DNS computations of full 3D configuration are not practical for industrial application due to 
the massive computation cost.  
Chao Xu  RMIT University, Australia  
8 
 
Figure 1.8 Suction side propeller slipstream vortex systems during the interaction with the 
wing in CFD (Roosenboom, 2011) 
Ducted fan or propeller VTOL UAV is becoming a direction of the UAV design in recent 
years. Studies on ducted fan or propeller are generally focused on specific aerodynamic 
design or parameter study. Experimental investigation and numerical method have been the 
major approaches to study the ducted fan. Additional attribute of duct is that it can enhance 
the thrust performance during hover. Ducted fan or propeller improves the total thrust in 
hover compared with isolated propeller because the rotation of propeller creates a suction 
pressure gradient on the shroud inlet surface. Martin and Tung (2004) conducted experiments 
on a ducted rotor for UAV applications, which have shown a strong dependence of the total 
thrust on the rotor tip gap.  
Akturk (2010) also investigated the relationship between tip clearance and thrust of ducted 
fan using both experiment and RANS based CFD method. He separated computational 
domains into stationary domains and rotating domain, which includes fan blades and rotor 
hub region. In his research Shear Stress Transport (SST) turbulence model was adopted and 
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an unstructured mesh with prism boundary layers was generated for the computational 
domains, as shown in Figure 1.9. In his study the non-dimensional wall distance (y plus) less 
than 2 was achieved near the solid wall surface. The computational results was validated with 
the experiment data and it was noted that decreasing the tip gap height is an effective way 
improving the performance of the UAV system and results in an augmented thrust generation. 
 
Figure 1.9 Unstructured mesh with prism layers for ducted fan (Akturk, 2010) 
In addition, other parameters were investigated to evaluate ducted propeller performance in 
previous research. One of the main parameters is the duct shape. Pereira (2008) highlights the 
shape of the duct as a diffuser. The diffuser section of the duct restrains the natural 
contraction of the air flow passing through the propeller. The principle shroud parameters 
affecting shroud-rotor performance is shown in Figure 1.10.   
Similar research was carried out to investigate the effect of duct shape. Yilmaz et al. (2013) 
carried out experiment to investigate the effect of duct shape on ducted propeller performance 
in hover and axial flight conditions. In their study NACA airfoil configuration was treated as 
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duct cross section then five different circular duct shapes was tested. Propeller location was 
fixed, as shown in Figure 1.11. The authors observed that highest duct thrust coefficients 
were obtained from inverse NACA 7312 profile.     
 
Figure 1.10 Principal shroud parameters affecting shrouded-rotor performance (Pereira, 2008) 
 
Figure 1.11 Duct profiles (Yilmaz et al., 2013) 
The application of diffuser duct has also been used in the wind turbine. The mesh generation 
and turbulence model selection are the most important factors in wind turbine simulation. The 
aim of using the diffuser duct is to increase the power generation for the horizontal wind 
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turbine. Jafari and Kosasih (2014) carried out CFD simulations for small commercial wind 
turbine with a simple frustum diffuser shrouding. Steady simulations have been performed in 
ANSYS CFX with original SST turbulence model. In addition, unsteady state simulation on 
bare turbine was carried out by using transition model. Hybrid mesh was used in the 
simulations. A rotating disk in the duct covered the rotor configuration. Unstructured mesh 
was used on the surface of the rotor within the disk and structure mesh was used in the rest of 
the disk, as shown in Figure 1.12. The study found that the augmentation of the power is 
highly dependent on the shape of the diffuser duct such as the length and expansion angle.  
Flow separation from the diffuser surface leads to reduction of the power augmentation. 
Changing the length of the diffuser is able to mitigate the flow separation.   
 
Figure 1.12 Grids near diffuser surface (Jafari & Kosasih, 2014) 
Aranake et al. (2015) investigated the flow physics and performance of shrouded horizontal 
wind turbine by using transition model. Transition model are found to improve the accuracy 
of the result and capture the interaction between the shroud and turbine blade. The 
computations are performed using the overset structured mesh solver OVERTURNS, as 
shown in Figure 1.13. The author highlighted the disadvantage of actuator disk model, which 
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replace rotor by an infinitely thin disk with a pressure drop. It is a useful tool in early 
preliminary design. It does not capture the fluid properties near the blades. Full three-
dimensional simulations of shrouded wind turbines are performed for selected shroud 
geometries. Airfoil was used as the cross section of the shroud geometry. The results are 
compared to open turbine solutions. The authors found that the augmentation ratios of up to 
1.9 are achieved.  
 
Figure 1.13 Overset grids used for 3D shrouded turbine computation (Aranake et al. 2015) 
Yu et al. (2013) investigates the performance of a ducted propeller in open water by ANSYS 
CFX. ANSYS-TurboGrid was used to produce 3D structured grid. The grid of whole region 
except propeller region is generated, as shown in Figure 1.14. Generally multiple block 
method is required for rotating machinery simulations. The rotating domain which includes 
the propeller configuration is required to be meshed respectively. In the simulation multiple 
blocks are combined into one mesh. Steady state simulations were carried out using the 
multi-reference frame (MRF) technique for rotating flow behaviour, as shown in Figure 1.15. 
Periodic interface was used for the computational domain. In addition, the authors studied the 
turbulence model dependency. The SST and the standard k-epsilon models are applied and 
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compared as turbulence models. It was found that SST turbulence model can predict the flow 
around the duct trailing edge.    
 
Figure 1.14 Structured grids for ducted propeller (Yu et al. 2013) 
 
Figure 1.15 Computational domains with periodic interfaces (Yu et al. 2013). 
For academic research and military purposes, VTOL UAV application co-axial counter-
rotating is the trend for the propulsion system. An example is the Guardian CL-327 VTOL 
aircraft from Bombardier Services Corp shown in Figure 1.16. Another application of 
counter-rotating rotor is in the aircraft turboprop engine. In recent years counter-rotating open 
rotors technique is considered as the future trend for transport aircrafts. Open rotor techniques 
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provide the potential and obvious reductions in fuel burn and CO2 emission compared with 
turbofan engines with equivalent thrust (Rolls-Royce, 2013). Figure 1.17 shows configuration 
of open counter-rotating rotor engine for commercial aircraft. 
 
Figure 1.16 Guardian CL-327 aircraft - Bombardier Services Corp (Castillo et al, 2005) 
 
Figure 1.17 Open rotors techniques from Rolls-Royce (Rolls-Royce, 2013). 
The counter-rotating rotor application started early for aircraft engines. It was proved that the 
turboprop aircraft engine can reduce the fuel consumption by NASA during 1970s. Due to 
the limitation of propeller tip speed single propeller turboprop can hard get equivalent thrust 
performance compared with ducted turbofan gas turbine engine. Therefore, the aim of the 
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counter-rotating open techniques using the highly loaded blades is to offer the performance of 
the turbofan, with the benefit of fuel economy of turboprop. In 1980s GE 36, which is 
assembled on MD-80 aircraft, used fan without the duct and pusher configuration shown in 
Figure 1.18. The main disadvantage or challenge is the noise level of the fan. In recent years 
as the clean sky concept was raised open counter-rotating rotor techniques back in the view. 
The main research areas focused on the aerodynamics and aero-acoustics by using CFD.  
 
Figure 1.18 General Electric GE 36 counter-rotating fan (Torenbeek, 2013) 
In the open counter-rotating propeller and ducted counter-rotating propeller applications, 
additional parameters may affect the total thrust value such as propeller spacing, the shape of 
both rotors, blades pitch and the propellers location relative to the duct.  
Bell et al. (2011) introduces inter-rotor spacing to propeller diameter ratio as a non-
dimensional figure and compares the ratios, including full-scale coaxial helicopters to UAVs. 
In their study the UAV example systems have higher inter-rotor spacing to diameter ratio, 
with average 0.315 compared with that of full-scale systems having a 0.09 inter-rotor spacing 
to diameter ratio. They also investigated inter-rotor spacing to diameter ratio effect on total 
thrust of coaxial rotors UAV with a wide range from 0.08 to 1.0, and demonstrated that a 
range of the radio of between 0.41-0.65 shown advantages in the total thrust performance. 
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The authors pointed out that the result in their research does not hold the universality applied 
to other applications because of difference Reynolds numbers.  
Lakshminarayan (2009) developed a computational method to study the performance of a 
micro-scale coaxial rotor configuration in hover. Overset structured mesh was used in the 
simulations. The blade mesh of top rotor is sufficiently fine in tip region to capture the vortex 
information. The grid near the bottom rotor is more refined to resolve the wake interaction, as 
shown in Figure 1.19. Each calculation took about 30 day by using parallel processors. In his 
research computations results were validated with experimental data. The experiments 
provide only mean performance data. The unsteadiness in thrust coefficient was observed in 
unsteady state simulations. The temporal variation of thrust coefficient over one revolution 
showed the unsteadiness with a dominant 4 revolution frequency.   
 
Figure 1.19 Blade mesh with inner and outer cylindrical meshes (Lakshminarayan, 2009)  
Peters (2010) investigated the performance of a counter-rotating propfan engine using 3-D 
unsteady state simulations by commercial software Numeca FINE/Turbo. Steady state 
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simulation is required to initialize the unsteady state computation. The CFD computation 
focused on the aero-acoustic simulation. The grid generation is the most challenging part in 
the simulations. Generally the strategy of grid is minimizing the computational cost. In his 
study multi-block structured mesh was used for counter-rotating propeller. The aim of the 
mesh is to resolve the tip vortices and viscous wake. Two mesh strategies were compared. 
Grid 1 consists of three regions, as shown in Figure 1.20. The flow in the inlet and rotor 1 
domains is computed in the front-rotor reference frame. The flow in region III is computed in 
the rear-rotor reference frame. In radial direction the whole domain is divided into three 
layers. Non-matching patch boundaries were applied at the sub-domains. One of the 
disadvantages of non-matching boundaries can lead to discontinuous flow results. This is 
inadequate for the tip vortex resolution. Therefore the author improved the mesh with Grid 2, 
as shown in Figure 1.21. The second method eliminates all non-matching block patches at the 
interface between rotor passages. It also assures a continuous grid structure.  
 
Figure 1.20 Original baseline counter-rotating prop-fan grid-block topology (Peters, 2010) 
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Figure 1.21 Improved baseline grid-block topology (Peters, 2010) 
Lee (2010) investigated the performance of ducted and isolated coaxial rotor systems by 
experiment. In his study local pitch angle distribution of the rear rotor blade is related to that 
of the front rotor blade, with slightly greater angles in cross section. The reason was that the 
lower blade operates in the wake of the front blade and greater pitch of rear blade enables a 
torque balance. He examined the effect of rotor spacing to rotor radius ratio on total thrust of 
isolated coaxial rotors with small range, which was from 0.15 to 0.30. No apparent sensitivity 
of thrust to rotor spacing was evident. In addition, he adopted cambered and symmetric airfoil 
as the shape of duct, as shown in Figure 1.22. He investigated the rotor spacing and rotor to 
duct position effects on the total thrust of ducted coaxial rotor with two shapes of duct in 
hover. Both rotors operated within the duct. The result was that cambered duct can improve 
the total thrust performance of isolated coaxial rotor only in special rotor spacing and rotor to 
duct position condition. The other configurations suffered obvious performance degradation 
and symmetric duct shape performed better than cambered one but not obvious.  
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Figure 1.22 The cambered and symmetric duct airfoils (Lee, 2010). 
Grondin et al. (2010) illustrated a new concept short-shrouded coaxial UAV for outdoor and 
indoor missions, as shown in Figure 1.23. The key features of the UAV are the counter 
rotating rotors for propulsion and the short-shroud duct. The authors simplified the short 
shroud in order to study the interaction between shroud and rotors. In their study numerical 
results obtained by computation, which using one actuator disk without blade configuration 
to model the coaxial rotors, was compared with experimental data. In addition, the 
performances of system with three duct shapes in Figure 1.20 were evaluated. The CFD 
method showed good agreement with experimental data for hovering flight in terms of thrust. 
However, poor agreement with experimental data was obtained in terms of power. 
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Figure 1.23 Multi-mission short shrouded coaxial UAV (left); simplified model with three 
duct shapes (right) (Grondin et al, 2010) 
Huo (2012) evaluated and optimized the performance of a relative long shrouded contra-
rotating rotor configuration. He also developed a three dimensional CFD numerical model 
and computations with a validation through experiments. In his numerical method the 
computational domain was separated into four domains with two counter-rotating domains 
which include hub and blades, as shown in Figure 1.24. In addition, both steady and unsteady 
state simulations were performed using the one equation Spalart-Allmaras model. 
In general, the performance of the ducted rotor system in UAV applications is influenced by 
several factors: (1) Ducted single rotor system with small tip clearance generate augmented 
thrust in hover; (2) The design of the duct in both ducted fan and ducted twin counter-rotating 
propeller applications; (3) The rotor spacing impacts total thrust performance in hover in both 
open and ducted counter-rotating propellers applications; (4) In both open and ducted 
counter-rotating propeller applications pitch angle and blade configurations directly influence 
the rotor performance, where flow separation may determine the net system performance.  
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Figure 1.24 Scheme of zone separation and interfaces (Huo, 2012) 
CFD applications with regard to rotating machinery are discussed in this part, including wind 
turbine, pump, and compressors. In addition, CFD theory is also explored in details in order 
to provide reference for the ducted twin counter-rotating propeller simulations.   
Lucius and Brenner (2010) demonstrated the application of the scale-adaptive simulation 
model (SAS) in a pump configuration. Figure 1.25 shows the grids of the impeller. Structured 
grid was used for simulations. The model combines the Large Eddy Simulation (LES) and the 
Reynolds Averaged Navier Stokes (RANS) approach. Essentially the SAS is an improved 
URANS model. RANS turbulence model is used in almost every industrial CFD simulation. 
Only the information of mean flow is provided by RANS approach. In general show quite 
good agreements with experiments are obtained from RANS computations. Sometimes these 
models failed to predict details of the flow separation. The main benefit of using the SAS 
model is to resolve turbulent scales. In their study both RANS and URANS simulations were 
performed. In addition SST turbulence model and SAS are compared to measurement data of 
the pressure rise. It was found that both models show agreement with experiments. The SAS 
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model shows further improved results with small time step compared with SST turbulence 
model.     
 
Figure 1.25 Grid lines on disk of impeller (Lucius & Brenner, 2010) 
In recent years the Large Eddy Simulation was carried out for the wind turbine applications. 
Mo et al. (2013) investigated the NREL Phase VI wind turbine wake characteristic using the 
LES approach in ANSYS Fluent. In their study the computational results show good 
agreement with published experiment data in terms of the pressure distribution at different 
cross sections and power. The simulation was to model the wind turbine working in a wind 
tunnel, as shown in Figure 1.26. The geometry of the blade was considered in the rotating 
domain, which represented by a cylinder. 20 inflation layers were generated on blade surface 
with a 1.1 spacing ratio in the normal direction. The first layer height was set as 0.01 mm. 
The inflation method is used to capture the boundary layer region. In the unsteady 
simulations a sliding mesh method was used for the rotor-stator interaction when a time-
accurate solution is required. Steady state simulation was performed prior to the unsteady 
simulations. The steady state results converged below 10
-3
 approximate 1000 iterations. The 
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unsteady simulation took about 120 hours per case with a time step size 0.005795 s 
corresponding to a blade rotation of 2.5 degree.  
 
Figure 1.26 Schematic of NASA Ames wind tunnel with wind turbine (Mo et al., 2013). 
Vagani (2012) investigated the impeller rotating stall phenomenon using commercial code 
ANSYS CFX. Unsteady numerical simulations were performed to capture the rotating stall, 
as compared with the experimental results. A compressor was selected to show the instability 
with different diffuser lengths and return vanes. In terms of the CFD method the compressor 
modelling and mesh generation were done using the ANSYS BladeGen and TurboGrid. Full 
model mesh was generated to capture the rotating stall. Only a single passage including the 
return vane is required due to the periodicity of the whole model, as shown in Figure 1.27. 
The steady state simulation was prior to the unsteady state simulations. In steady state 
simulation frozen rotor interfaces were used at the inlet-rotor and the rotor-diffuser interface. 
Grid sensitivity study was performed to reduce computational time without losing accuracy. 
For rotating machinery applications the k-ε and k-ω two-equation models and the Reynolds-
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stress transport models are most used. In his study the k-ε turbulence model was selected with 
first order upwind scheme. The convergence criteria were set to be less than 1×10
-4
 residuals.  
 
Figure 1.27 Impeller model with boundaries and interfaces (Vagani, 2012). 
ANSYS CFX provides the choice of turbulence models. Two models are the most widely 
used: the k-ε and Shear Stress Transport k-ω based models. These models are based on the 
eddy viscosity hypothesis. The k-ε model is also known as two equation model which give 
general description of turbulence by two transport equations. It also adds two turbulence 
quantities: the turbulence kinetic energy k and the turbulence eddy dissipation ε. The model 
uses five constants. The advantage of the model is fast to implement. There are well known 
shortcomings of the k-ε turbulence model. Menter (1993) highlighted that the k-ε turbulence 
model performed poorly for complex flow involving severe pressure gradient, separation and 
strong streamline curvature.  
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SST k-ω based model can also be selected in ANSYS CFX. The SST turbulence model is 
based on the k- ω model developed by Wilcox (Wilcox, 1988). The k- ω model solves two 
transport equations and uses turbulence frequency ω to replace turbulence eddy dissipation in 
the k-ε model. The drawback of standard k- ω model is that it does not account for the 
transport of the turbulence shear stress. This results in an over-prediction of the eddy-
viscosity (ANSYS, 2011). The SST turbulence model uses blending functions to include the 
stress transport effects and production limiters. This model requires a finer mesh in the near 
wall region. It can predict the flow separation with pressure gradients (ANSYS, 2011).  
CFD method involves the selection of using DNS, LES and RANS approach. From the 
examples above it is found that the DNS is still not practical for industry purpose. LES has 
been carried out in the wind turbine simulation for the far wake investigation in recent years. 
LES is popular in more fundamental topics. RANS is still the main approach in rotating 
machinery application. Because time averaged flow is the main research interest in industrial 
applications. The selection of these three methods is dependent on computation resource and 
research interest. In addition, the grid generation is important in the rotating machinery 
simulation. Multi-block approach and multiple reference frames are required in most cases. 
The grid generation method is dependent on the shape of control volume and turbulence 
model. Hybrid mesh with boundary layers near the solid wall is a good choice in the ducted 
counter-rotating propeller simulation. Grid independent study is a basic approach which aims 
to reduce computational time without giving up accuracy. Control volume, boundary 
condition and domains interfaces are key issues which determine quantity of CFD results.   
Control surfaces are referred as control devices. Conventional control surfaces are divided 
into two types: primary control surfaces and secondary control surfaces. The primary control 
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surfaces in a conventional aircraft are aileron, elevator and rudder while secondary surfaces 
are flap, spoiler and tab (Sadraey, 2012). Some types of control surface are tied to specific 
aircraft configurations. In terms of ducted single rotor configuration, the box vanes are the 
main type of control surface. As mentioned in the literature, this technique was used in T-
hawk UAV. The control vanes applied in ducted single rotor were placed downstream of the 
duct, as shown in Figure 1.28.  
 
Figure 1.28 iSTAR configuration (Lipera et al., 2001) 
Harris (2007) compared the performances of three control effectors: box vanes, duct deflector 
and opposed vanes. Four box vanes were used as the control surfaces in the experiment. 
Figure 1.29 and Figure 1.30 illustrate box vane assembly and opposed vanes respectively. In 
his research it was found that opposed vanes combined the capabilities of the box vanes and 
duct deflector and opposed vanes were the most practical control effector. Omar (2010) 
highlighted that the control vanes was complicated to be integrated with landing footprints. In 
his study conventional control surfaces were adopted in a ducted counter-rotating propeller 
UAV, including two wing ailerons and four flaps, as shown in Figure 1.31. Four flaps were 
assembled on the tails. In his design using conventional flaps leads to a certain distance 
between control surfaces and the duct trailing end.  
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Figure 1.29 Box vanes assembly (Harries, 2007) 
 
Figure 1.30 Opposed vanes (Harries, 2007) 
  
Figure 1.31 Front and bottom views of flaps (Omar, 2010) 
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1.3 Research Objectives 
From an aircraft design process perspective, the complete process is subdivided into product 
design, manufacturing and testing phases. The product design process consists of conceptual 
design, preliminary design and detail design (Torenbeek, 2013). This thesis focuses on the 
propeller and duct design and applies CFD-based analysis, which is part of the preliminary 
design for the UAV. In this research the diffuser duct characteristics were adopted to evaluate 
and improve the total thrust of a ducted counter-rotating propeller system in hover. The 
rationale of improve the total thrust in hover is to enhance the payload capability of the UAV. 
It was hypothesized that the diffuser section of the duct could restrain the natural contraction 
of the air flow passing through the propeller in ducted counter-rotating propeller applications. 
Three key research questions are as follows: 
 What effect does propellers spacing (S) and the difference between blades pitch angle 
(∆θi) have on the total thrust of a ducted counter-rotating propeller system with 
diffuser duct in the hover condition? 
 Is the flow behind the duct adequate to be used for standard aerodynamic control 
surfaces? 
 What effect does the duct have on the performance of a ducted counter-rotating 
propeller system? 
From mathematics method aspects, this work used two variables sensitivity analysis. The 
main objective of is to evaluate the propeller spacing S and difference between blades pitch 
angle ∆θi effects on the total thrust of the ducted counter-rotating UAV in hover. Four 
discrete ∆θi has been specified and evaluated. A large range of propeller spacing, which from 
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3.5 cm to 24 cm was investigate. Ducted twin counter-rotating propeller with S = 3.5 cm and 
∆θ1 configuration is considered as the reference design. The S/D ratio was introduced and D 
is the diameter of the propeller. The same approach was used for an equivalent open counter-
rotating propeller system to assess the influence of the duct.  
1.4 Thesis Organization 
Chapter 1 explains the background and rationale of the thesis. This research focuses on the 
design and aerodynamics performance improvement of a ducted counter-rotating propeller 
for UAVs applications. Then the research objectives have been emphasized.  
Chapter 2 introduced the procedure of propeller design by using both JavaFoil and JavaProp 
software. The JavaProp is based on the blade element theory. The aim of using the JavaFoil is 
to generate the airfoil polar. JavaProp can provide the twist angle and chord length 
distribution of the propeller. These data imported in the CAD software SolidWorks.  
Chapter 3 introduces the basic CFD theory. 3D CFD simulations of an isolated propeller in 
hover are carried out by the commercial software ANSYS CFX with hybrid mesh method. A 
RANS based simulation was performed employing the two-equation SST turbulence model 
near the wall for the boundary layers. SST turbulence model was adopted because it can 
predict the flow separation. The flow characteristic of the ducted counter-rotating propeller is 
complex with strong rotating flow and it involves flow separation. This chapter is also the 
foundation of the CFD simulation for the ducted twin counter-rotating propellers. The 
methods in term of meshing, boundary conditions and domain settings in next two chapters 
are based on this chapter.  
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Chapter 4 focused on the total thrust performance of the duct counter-rotating propellers. In 
this research a diffuser duct configuration was adopted and the key feature of the duct 
configuration is the diffuser exit. The current CFD method was validated with literature 
experiments. CFD agreement with experiment results provides considerable confidence in 
accuracy in the following ducted twin counter-rotating propeller simulations. The effect of 
rotors spacing S and difference between blades pitch angle ∆θi on the total thrust coefficient 
and power coefficient has been investigated. The characteristic of the flow behind the duct 
was discussed in order to provide guidance in the process of conventional control surfaces 
design for the UAV. 
Chapter 5 extends the simulation to equivalent open counter-rotating propellers compared 
with ducted ones in Chapter 4. The effect of S/D and difference between blades pitch angle 
∆θi on the total thrust value has also been investigated. The main difference in CFD method 
between open counter-rotating propeller and ducted counter-rotating propeller was 
emphasized.  
Chapter 6 are the conclusions and future research. In the conclusion part the thrust 
performance of ducted counter-rotating propeller was compared with equivalent open 
counter-rotating propeller system to assess the influence of the diffuser duct. Future research 
explores the limits of this research. In terms of the CFD method, steady state simulation may 
not fully capture the interactions between the front blade and rear blade. Therefore, unsteady 
state simulation will be employed for the future research. In addition, experiments will be 
performed in future. 
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Chapter 2 
Propeller Design 
2.1 General Definition and Propeller Theory  
This chapter aims to introduce a general procedure for the propeller design. Initially, the 
background of propeller theory and basic definition will be highlighted. Generally, the 
research about propeller includes analytical theory, experiment and CFD simulations. Main 
theory for the propeller analysis includes actuator disk theory and the blade-element theory. 
2.1.1 Actuator Disk Theory 
Actuator disk theory is the main theory applied for propeller analysis. The actuator disk 
theory was initially developed for ship propellers. It was applied in single rotor or propeller 
design used on aircraft, ducted rotors and helicopter rotors; and wind turbine aerodynamics 
analysis. The actuator disk theory is based on the Newton’s law. The fluid flow around the 
propeller blade is not considered in details.  
In this theory the propeller is represented by a thin actuator disk of area, A, in its plane of 
rotation, placed normal to the free stream velocity, V0. The actuator disk theory assumed that 
the flow through the propeller can be approximated by a stream tube. Figure 2.1 illustrates 
the details of stream tube for actuator disk. Propeller does not influence the flow of free 
stream. The air flow is taken in through the disk by propeller. The area of the stream tube 
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decreases. The velocity just in front of the disk is greater than V0. The downstream 
represented by subscript “3”. The value of V0 increases to V2 behind the disk, and continues 
to accelerate to V3, until the static pressure equals the ambient pressure, p0. It is assumed that 
the thrust is distributed over the disk uniformly (Kundu, 2010). There is pressure jump across 
the disk from p1 to p2.  
 
Figure 2.1 The stream tube of the actuator disk (Kundu, 2010) 
The rate of change in momentum is the thrust in this case. The change of velocity for the 
stream tube is ∆V = (V3-V0). The mass flow rate of the flow is ρAdiskV2. Thrust produced by 
the disk is given by:  
                                                           2 3 0(V V )diskT A V                                                    (2.1) 
The thrust is also represented by the increase of pressure at the disk: 
                                                           2 1(p p )diskT A                                                           (2.2) 
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Application of Bernoulli’s equation upstream and downstream of the disk leads to following 
equations:  
                                                   2 2
0 0 1 1
1 1
2 2
p V p V                                                        (2.3) 
                                                   2 2
0 3 2 2
1 1
2 2
p V p V                                                       (2.4) 
It is assumed that there is no velocity jump across the disk. Subtracting the equations above: 
                                                  2 2
3 0 2 1
1
(V V )
2
p p                                                          (2.5) 
Next, substitute the value from Equation 2.5 in Equation 2.1 and Equation 2.2: 
                                                           3 0 22V V V                                                                 (2.6) 
Note that ∆V = (V3-V0), using Equation 2.4 gives: 
                                                          3 2 2V V V                                                               (2.7) 
                                                          1 0
2V V V                                                                (2.8) 
2V , is also called the induced axial velocity at the propeller plane. Using the equations 
above, the thrust can be rewritten as: 
                                                   0( 2)diskT A V V V                                                  (2.9) 
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In CFD simulation, the actuator disk method is used to represent propeller and wind turbine 
rotors. The basic concept of the actuator disk theory is to use an infinitely thin actuator disk 
in the flow domain to replace the propeller geometry. The actuator disk model, which is 
treated as rotating domain and exclude the configuration of the propeller, was also used in 
wind turbine simulations. Keck (2012) applied actuator disk model for horizontal wind 
turbine simulation by CFX software. Figure 2.2 illustrated the actuator disk model applied in 
wind turbine simulations. Addition, this model has also been used to analyse the interaction 
between wing and propellers. The flow around the propeller is replaced by a thin disk volume 
(Lino, 2010). Figure 2.3 shows the actuator disk based simulation. It can be shown in figure 
that the profile of the blade was replaced by the thin disk.  
 
Figure 2.2 The domain setup; dark circular disk represents rotor volume (Keck, 2012)   
All propeller theories have their own drawbacks. The theoretical actuator disk model had 
been pointed out that it can hardly simulate heavily loaded propellers and the configuration of 
propeller was required in the rotating domain (Roosenboom, 2011). Furthermore, another 
drawback of the actuator disk model theory is that it did not account for the propeller 
Chao Xu  RMIT University, Australia  
35 
geometry. It is not useful for propeller design and the aerodynamics performance analysis 
with different shape of the blades. 
 
Figure 2.3 Actuator disk based simulation for propeller-nacelle (Lino, 2010)   
2.1.2 Blade Element Theory 
The development of the theory is due the drawbacks of the previous one. Another 
fundamental theory of propeller is the blade-element theory, which is mainly 2-D based 
method and also most widely used for propeller blade design. Compared with the actuator 
disk model theory the blade-element theory accounts for the geometry of the blade. 
The theory focuses on the force and the torque calculation at each section of the airfoil, then 
integration across the blade provides the total lift and drag force. The blade of the propeller 
can be viewed as a large number of 2-D airfoil cross sections. Figure 2.4 shows the two 
blades propeller with blade-element section, dr, at radius r. 
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Other propeller related definition or parameters are as follows: ω, the angular velocity of the 
propeller; revolutions per minute (rpm); D the diameter; the number of the blades B, thrust of 
the propeller T and section chord length c. In terms of angles, these are the angle of attack α, 
pitch angle β and the angle subtended by the relative velocity φ, shown in Figure 2.5.  
The equation for differential propeller thrust dT and torque dQ, based on relative velocity Ve, 
sectional airfoil lift coefficients cl and drag coefficient cd, be derived as:  
                                       
 2
1
cos sin
2
e l ddT Bc V c c dr                                               (2.10) 
                                      
 2
1
sin cos
2
e l ddQ Bc V c c rdr                                              (2.11) 
Integrating the blade element thrust over the entire blade length give the total thrust of the 
blade, T and torque Q. The root of the hub with or without spinner does not produce thrust, 
and the integration is typically carried out from 0.2 to the tip, 1.0, in terms of r/R (Kundu, 
2010). The combination of actuator disk and blade element theory is the blade element 
momentum theory (BEMT). It is a hybrid rotor analysis method that was developed in 
analytical form for propeller analysis. In BEMT theory relative velocity Ve is expressed in 
terms of the induction factor, a. Equations (2.10) and (2.11) are made more useful by carrying 
out some algebra, '  is local solidity.  
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Chao Xu  RMIT University, Australia  
37 
 
Figure 2.4 Two blades propeller (Kundu, 2010) 
 
Figure 2.5 Simple blade element model (Roosenboom, 2011)                                                                                     
2.2 CAD Model  
JavaFoil and JavaProp, and SolidWorks were the main software tools used in the design 
process of the propellers. JavaProp is a tool for the design and the analysis of propeller. The 
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method is mainly based on blade-element-momentum theory (Hepperle, 2013). The design 
process is shown in Figure 2.6.  
 
Figure 2.6 Flow chart of design process (Kodiyattu, 2010) 
The number of the blades in this study is two. The design propeller speed is 10,000 rpm. In 
hover, the maximum tip speed for the propeller was 125.7 m/s, which equal to a tip Mach 
number 0.36 at sea level ISA condition, so compressibility effects were ignored. Another 
design parameter that must be specified is the desired thrust in cruise speed or available shaft 
power. Another part of the design process is to select the airfoil distribution. In the design of 
aircraft propeller multiple airfoil sections are required to meet the operational requirement. A 
single airfoil was used for simplicity in UAV application. In this research NACA 2412 airfoil 
was selected as the cross section airfoil of the blade. The lift to drag ratio, as calculated by 
JavaFoil was around 44.2 to 47.7. Usually JavaFoil can analyse the Mach numbers between 
zero and 0.5. In addition, one of the limitations of the program is that it does not consider 
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laminar separation bubble and flow separation. JavaFoil provided a Geometry Card for the 
airfoil design, as shown in Figure 2.7.  
 
Figure 2.7 JavaFoil Geometry Card 
JavaFoil implements a panel method to determine the linear potential flow field around 
airfoils (Hepperle, 2011). The airfoil polar is exported into JavaProp in standard XML format. 
The procedure of propeller profile determination is to put the polar of cross section airfoil 
from Javafoil into the JavaProp. JavaProp provides the chord length and pitch angle 
distributions based on the direct inverse design module for maximum efficiency (Hepperle, 
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2013). The shape of the propeller from JavaProp is viewed in Figure 2.8. The available power 
in hover is about 300 W.  
 
Figure 2.8 Chord length distribution along the radius in front views from JavaProp 
The aforementioned method did not consider the spinner of propeller. The radius of spinner is 
set as 2cm. there is an overlapped region between the spinner and origin designed propeller. 
Therefore, both chord length and blade angle adopt JavaProp results from 2 cm to 12 cm in 
radius direction. A blunt configuration was used near the blade root to make the shape of 
propeller in this paper similar to a normal propeller, which is shown in Figure 2.9.  
 
Figure 2.9 The Beaver propellers (Dimchev, 2012) 
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The CAD model of the front propeller is built in Figure 2.10. The aerodynamic portion of the 
blade starts from non-dimensional radial position at 0.3. The propeller design above was 
treated as the front propeller in the ducted counter-rotating propeller and equivalent open 
counter-rotating ones. The local blade pitch angle distribution of front propeller (βF) is shown 
in Figure 2.11. 
 
Figure 2.10 The propeller configuration with spinner CAD model (Dimensions are in cm)  
 
Figure 2.11 Blade pitch angle and chord length distribution 
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Chapter 3 
CFX Simulation for Single Propeller  
3.1 CFD Theory  
Besides the wind tunnel test, another approach to investigate aerodynamics design is the CFD 
simulation aided by computers. The process of performing CFD simulation requires 
following tasks: problem definition; solver selection; results analysis and interpretation in the 
post processing. This chapter focused on CFD simulation which is based on the isolated front 
propeller in chapter 2. Fluid flows are governed by the physical principles: mass conservation; 
conservation of the momentum and the energy conservation. These principles form the 
governing equations. However, for the work here, the governing equations are concerned 
about both conservation of the mass and conservation of the momentum. 
3.1.1 Governing Equations 
The conservation of the mass core concept is that mass cannot be created or destroyed. Using 
another way of statement is that the amount of mass that enters the control volume (CV) is 
equal to the mass that leaves the control volume at any point in time. Partial differential form 
of the continuity equation is represented in Equation 3.1.  
                                                           0
t



 

u                                                      (3.1) 
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Conservation of momentum is another form of the Newton’s second law, which is a part of 
the governing equation in Equation 3.2. The definition of the momentum is the mass of an 
object multiplied by the velocity of the object. The momentum is also a vector having both 
magnitude and the direction.  
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j i j j i
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uu u P u
u g
t x x x x x
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                          (3.2) 
The first term one the left side of the equation is local acceleration. And the second term on 
the left side of the equation is the rate of increase of momentum due to the convection. 
Compared with the left side of the equation, the right side of the equation represents the force 
which is balance the left side. The first term of the right sight represent the pressure forces 
exerted on the control volume and the second term stands for the viscous forces. Lastly, the 
third term of the right hand side represents the gravity forces acting upon the control volume.  
3.1.2 CFD Software 
One of the key roles of modern CFD is to reduce the cost in the preliminary design compared 
with wind tunnel test. But the cost of CFD also depends on the time spent on one simulation 
and the number of simulations. As the number of simulations increases the cost of CFD might 
higher than the wind tunnel test. Therefore, the cost of CFD is also one of the challenges.  
With the computer hardware and algorithm revolution, the CFD changed in recent 20 to 30 
years. CFD applications in term of aerodynamics extended to various such as active flow 
control; high-lift system analysis, wing design and vortex flow analysis.  
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CFD codes use different discretization methods commonly such as spectral method, finite 
difference, finite volume method and finite element method. These methods are adopted in 
different applications. In addition the finite difference method is the approximation for the 
differential equations but finite volume scheme focused on the conversation law in the 
integral form (Zikanov, 2010).  
All numerical investigations in this research are based on the commercial CFD software 
ANSYS CFX. The CFD analytical approach includes identifying the physical problem, 
modelling, specifying the flow domain boundary condition, to solve the problem numerically 
and data analysis. The process of using the CFX is shown in Figure 3.1. 
 
Figure 3.1 Process of CFX simulations 
CAD model 
(SolidWorks) 
Mesh 
generator 
CFX Pre-
Processor 
Solver 
CFX Post 
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3.2 Turbulence Model   
In terms of flow types and characteristics, there are laminar flows, transition and turbulent 
flow. One of the main characteristics of the turbulent flow is unsteady. It is important to 
choose suitable turbulence model for a particular simulation. Usually several turbulence 
models assumption are made to compute complex turbulence flow then a particular 
turbulence model is required to be evaluated and validated for flow configuration by 
comparing predictions with experiment data (Dewan, 2011). The modelling of the flow 
includes RANS, LES and DNS simulations. The above is based on the computational cost 
and complex of the mathematical modelling.  
3.2.1 Reynolds-Averaged Navier Stokes (RANS)  
The most commonly used methods within CFD approach is the Reynolds-Averaged Navier 
Stokes (RANS). It is suggested the steady state RANS modelling is suitable and economy for 
engineering applications. The most commonly used models include Spalart-Allmaras, k - ε, k 
– ω, and the SST turbulence model which is also based on the k – ω turbulence model. 
Reynolds averaging introduces the average value and the turbulent fluctuation quantity 
(Hirschel et al, 2014). For instance the instantaneous velocity u is decomposed into average 
value ( u ) and the turbulent fluctuation quantity ( u' ):  
                                                            u u u 
'
                                                               (3.3) 
By applying the Reynolds decomposition to the governing equations one arrives at the RANS 
equations 
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The symmetric tensor 
' '
i ju u only involves the fluctuating part. The product of the symmetric 
tenor and density -ρ
' '
i ju u , which is called Reynolds stress, introduces new additional terms. 
The reason of emerging all kinds of RANS turbulence model is the closure problem. 
Reynolds stresses terms result in the closure problem for RANS equations. The turbulence 
models mainly include one and two equations model. Two equation turbulence models which 
are widely used include standard k - ε, k - ω and SST turbulence model.  
Following examples shows the turbulence model used for both propeller and wind turbine 
CFD simulations. One-equation model by Spalart-Allmaras is used for high speed propeller 
in unsteady state simulation (Roosenboom, 2011). In his study one equation turbulence model 
tended to overpredict the magnitude of velocity profiles along the engine centerline. In 
addition, k-ε turbulence model was applied for both steady and transient simulations in 
propeller thrust and power coefficient analysis by using ANSYS CFX (Sodja et al, 2012). In 
their research the results using the k-ε turbulence model did not show well agreement with 
the experiment results. Moshfeghi et al (2012) adopted the SST k-ω turbulence model 
monitoring and comparing the pressure coefficients at different radial sections in the wind 
turbine simulations. In their research the SST k-ω turbulence model was also used to predict 
the separation point on the surface of the blade. But in many cases the SST k-ω turbulence 
model over predicted the separation point.  
Generally the selection of the turbulence model is dependent on the problem to be 
investigated and the computational capability of the hardware. In this research RANS is first 
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selected as the main method for propeller aerodynamics analysis then the k-ω SST model is 
chosen as turbulence model. Computational cost and the features of the problems are the 
main consideration.  
Menter (1994) developed the SST turbulence model which is also a two-equation eddy 
viscosity model. The model uses blending functions to account for the wall distance. The 
blending functions are critical to the success of the model. Appendix A shows the k-ω SST 
turbulence model. In the SST turbulence model the definition of the turbulent viscosity is 
modified to account for the transport of the turbulent shear stress (Dewan, 2011).  
SST k-ω turbulence model was adopted for all numerical simulations in this research. The 
reason is that both k-ε and standard k-ω turbulence models have their own obvious 
disadvantages in flow simulation in terms of the accuracy. The k-ε turbulence model is 
recommended for non-complex flow simulation. Compared with standard k-ω turbulence 
model which has the problem that is sensitive to the free-stream conditions for the turbulence 
properties, the SST k-ω turbulence model avoids the problem. In addition, it is suggested that 
SST k-ω turbulence model can predict a large area of separation flows. The flow around 
counter-rotating duct propeller is complex and flow separation is the main reason using the 
SST turbulence model.  
3.2.2 Direct Numerical Simulation and Large Eddy Simulation  
Direct numerical simulation (DNS) might be required for calculating all the scales and details 
of the turbulence which now is used only for very low Reynolds number and very simple 
geometry flow characteristics. The direct numerical simulation can solve the Navier-Stokes 
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equations directly and do not need the mathematical modelling. All scales of the turbulence 
are solved time dependent and three dimensional. There is no doubt that the direct numerical 
simulation has the high level of accuracy simulating the turbulence.   
Compared with direction numerical simulation, Large Eddy Simulation (LES) is a tool which 
can predict high Reynolds number turbulence flow as an unsteady state simulation tool. In 
some application such as combustion and multiphase flow, LES became to the future trend of 
the CFD method. In aircraft application LES is mainly used in the parts of the commercial 
engine such as nozzle, combustor and acoustics analysis (Tucker, 2014).  
It concerns about the large scales of the turbulence flow and filters a large amount of the 
small scales turbulence. Therefore, the most important aim of using the LES is to analyse the 
structures of the turbulence and get high fidelity unsteady simulation. In addition, the most 
challenging of the large eddy simulation is the near wall treatment. Large eddy simulation 
was used in the propeller flow characteristics in the previous research. One example is the 
application in the marine propeller. Jang (2011) used LES investigating the physical flow 
characteristics of the open marine propeller and predicting fluctuating force due to the high 
amplitude fluctuation of the unsteady loads which is caused by large flow separation. 
Both DNS and LES are considered not practical for the engineering application. The main 
reason is that they require finer mesh and more computing time. In addition, LES also has 
defects which are the limitations for wide applications. As the development of the CFD, new 
modelling such as hybrid LES-RANS and Detached Eddy Simulation (DES) emerged for 
aerodynamics analysis. These turbulence models were used in the aerodynamics design. Even 
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these modelling are less expensive compared with DNS and pure LES the use of these 
models is still challenging. 
3.3 Geometry and Mesh  
3.3.1 Geometry  
ANSYS WORKBENCH is a computer aided engineering (CAE) software package from 
ANSYS. ANSYS Workbench was first started and CFX module was dragged from the 
Toolbox into the Project Schematic. CFX was selected to simulate the 3D cases due to the 
ability. The CAD model which is designed by SolidWorks software was imported into the 
ANSYS DesignModeler. In order to avoid mesh error, the geometry needs to be simplified 
and cleaned such as useless point, lines and planes.  
3.3.2 Domains 
Domains in CFD represent the control volume of the fluid flow. For this research the domain 
type is fluid. In terms of the geometry part by using the DesignModeler, the aim is to conduct 
an enough large control volume for the propeller simulation. The geometry of the control 
volume is selected as cylinder. Due to the propeller rotating property, moving grid is required 
in the CFD computation. Multiple frames of reference (MFR) can be used for the moving 
mesh in steady state simulation.  
The MFR model allows the analysis of situations involving domains that are rotating relative 
to one another. Mathematically there is a transforming from inertial frame equations to non-
Chao Xu  RMIT University, Australia  
50 
inertial frame when MFR is used to solve conservation law. The MFR is usually used on the 
investigation of rotor stator interaction for the rotating machinery. The use of the MFR results 
in the frame change or mixing model.  
The subdomains of the control volume need to be identified as stationary and rotating domain. 
Stationary domain is the outer domain of the whole domains. Stationary domain which 
represents the wind tunnel contains the outside fluid around the propeller. The rotating 
domain is the inner domain of the whole control volume, aiming to model the flow around 
the rotating propeller. In the rotating frame of the reference with respect of the blade, both 
Coriolis and centripetal acceleration effects are added to the source terms (ANSYS, 2011). In 
the research the MFR technique is used for the simulation. In terms of the forms for the 
domains, rotating domain and stationary domains were built in the SolidWorks and meshed 
respectively.  
CAD model was imported into the DesignModeler. The solid domain was set as ‘Frozen’. It 
ensures that fluid domain generation will not affect the shape of solid domain. Resolve 
method was used for the sketch. Figure 3.2 illustrates the generated fluid control volume for 
the rotating propeller. Half of the cylinder domain was built because of the symmetry of the 
propeller. The procedure of generating rotating domain contains revolving the periodic 
surface and Boolean operation. The aim of using Boolean operation is to cut the solid domain. 
All the surfaces need to be named, including blade, hub surface and fluid domain surfaces.  
In terms of the radius of the rotating domain, there is no strict length requirement related to 
the diameter of the rotating domain. The radius of the rotating domain is a little larger than 
that of the propeller. In this research, the radius of the propeller is 12.00 cm and that of the 
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rotating domain is estimated as 12.30 cm. The thickness of the rotating domain is 5.50 cm, 
which covers both blades of the propeller and the hub. The rotating domain covers rotating 
flow around propeller.  
 
Figure 3.2 Configuration of propeller in the rotating domain 
The CFD simulation has both uncertainties and the numerical errors in the process of 
aerodynamics analysis. Uncertainties and numerical errors are needed to be managed and 
minimized. The domain size has to be built to minimize the influence of the boundary 
condition of the flow. In a too small domain the flow is not fully developed and the results 
deviate from the reality. However, a large domain uses more working memory and time. It is 
necessary to find an appropriate domain size (Schafroth, 2010). Considering the high rotating 
speed of the propeller the length of the stationary domain need to be built enough large to 
avoid recirculation area far away from the outlet pressure boundary. Some preliminary 
simulations were carried out to find the appropriate length for the stationary domain, as 
shown in Figure 3.3. It shows that for a size of stationary domain more than 20 times of the 
propeller diameter the influence of the domain size vanishes. In hover condition the blade 
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force value stabilized at 6.33 N, as shown in Figure 3.4. The number of the iteration for 
achieving a convergence is around 500. 
 
Figure 3.3 Stationary domain size investigation results 
 
Figure 3.4 Stabilized blade thrust value monitored in CFX 
In this research the shape of the stationary domain is also half cylinder and the total length is 
480 mm, which is 20 times of the propeller diameter. The width of the stationary domain is 
set as 11 times of the radius of the propeller. The inlet boundary was set to 9 times propeller 
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diameters upwind, as an inlet condition close to the rotating domain can give incorrect results; 
the outlet boundary was set to 11 propeller diameter downwind. There are no overlapped 
regions between the rotating domain and stationary domain. The stationary and rotating 
domains are fitted at boundaries.  
3.3.3 Wall Functions 
The wall functions are used in the near wall region. The components of turbulent boundary 
layer include outer region and inner boundary layer. The sections of the inner layer include 
viscous sublayer, buffer layer and logarithmic layer. The law-of-the-wall introduces the 
dimensionless wall distance y+ and friction velocity. Following equation shows the definition 
of these two parameters. The y indicates the position above the wall. The corresponding 𝜏𝑤 is 
the shear stress on the wall.  The ν indicates the kinematic viscosity. 
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                                                                    *
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Figure 3.5 shows the velocity distributions on the logarithmic scale. It can be viewed that y+ 
in the viscous sublayer is in the range 0 – 5. And in the buffer layer the y+ is in the range 5 – 
30 while in the log law region the y+ is larger than 30. ANSYS CFX uses wall functions to 
model the near wall region. In this study the turbulence model is the SST k-ω turbulence 
model with automatic wall function. The automatic near-wall treatment allows gradual switch 
between wall functions and low-Reynolds number grids (ANSYS, 2011).  
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Figure 3.5 Velocity distributions on the logarithmic scale (Spunk & Aksel, 2008) 
3.3.4 Mesh Generation 
Achieving a smooth mesh is usually the most difficult task in the CFD simulation due to the 
fact that there is no equation or route to follow, especially for the complex geometry. 
Generally mesh methods include structured mesh and unstructured mesh. The structured 
mesh is formed from a number of closed curves while unstructured mesh is made of 
tetrahedral grids. Figure 3.6 shows the structured and unstructured mesh for turbine blade 
cross section. This research adopted the unstructured tetrahedral mesh for the computations 
by using ANSYS Meshing. Unstructured grid provides the adaptability to complex geometry.  
Typical types of elements for 3D mesh generation include tetrahedral, prismatic, pyramidal 
and hexahedral, as shown in Figure 3.7. Prism mesh is generated for viscous flow in the 
regions near wall or solid surfaces. The aim of using the inflation method is to produce 
prismatic mesh element for the boundary layers and increase the resolution in the region 
(ANSYS, 2011). In the inflation method there are three parameters impact the shape of the 
mesh: first layer height, maximum layers and growth rate.  
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Figure 3.6 Structured and unstructured grids (Durbin & Medic, 2007). 
 
Figure 3.7 Typical types of elements for 3D mesh generation (ANSYS, 2011) 
Inflation layer method is part of the mesh method in the near wall treatment. A proper 
inflation layer growing outward from the body is necessary to produce the boundary layer. 
First layer thickness method was used in this study. The number of the layers, which specifies 
the maximum number of inflation layers, is set as 10 to get a good resolution in the region of 
interface and enhance the results.  
Initially the mesh strategy is using the simple method to get a coarse mesh and then refine the 
mesh through increasing the number of the grid cells. The aim of using a growth rate is to 
create the non-uniform and boundary-fitting grids, as shown in Figure 3.8. Usually the 
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number of the growth rate is larger than 1. The reason using the non-uniform grids in the near 
wall region is that gradients of solution variables may be much different in terms of 
amplitudes in different areas of solution domain (Zikanov, 2010). In this research the growth 
rate was selected as 1.05. 
 
Figure 3.8 Flow approximated on an unstructured grid refined in the area of strong gradients 
(Zikanov, 2010) 
The first layer thickness method was only used upon the blade, aiming to simplify the mesh 
process. The non-dimensional wall distance (y+) is a critical parameter for the SST 
turbulence model. In this study y+ less than 1 was achieved near the solid wall for blade. The 
layer thickness impacts the total quality of the mesh. The first layer height (h0) was chosen as 
6.5e-007 m. The details of setting the inflation are shown in Appendix B. The mesh is not 
scaled and the units are the real size for the elements. The edge sizing is used for the main 
edges of the single blade. Number of divisions was used and set as 100 for edges above. The 
edge sizing method is additional grid refinement for the region of interest. The body sizing is 
used for both rotating and stationary domains. Both edge sizing and body sizing determine 
the densities of the mesh. In edge sizing method number of division was selected.  
Figure 3.9 illustrates the details of coarse grids for the inner rotating domain. The total 
number of the element for the half rotating domain reaches 1.30 million while the number of 
nodes reaches 0.44 million for a coarse mesh. Figure 3.10 and Figure 3.11 show the leading 
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edge and trailing edge of the blade cross section respectively. The effect of square cut edge is 
negligible because the size is so small, which is only around 10
-4
 m. In manufactured 
propeller the size of 10
-4
 m for the trailing edge is normal. In addition, the simulation was 
performed with sharp trailing edge configuration. It shows that thrust result is nearly the same 
compared with the one with square cut trailing edge. The density of the mesh for the 
stationary domain is lower compared with that of the rotating domain. The number of 
element for the stationary domain is around 0.45 million.  
 
Figure 3.9 Coarse grids for the inner rotating domain 
 
Figure 3.10 Prism mesh at blade leading edge  
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Figure 3.11 Prism mesh at blade trailing edge 
One of the primary quality measures for a mesh is the skewness. Skewness determines how 
close to ideal cell is. In the 3D simulation the cell quality is evaluated as good if the value of 
the skewness is in the range 0.25 – 0.5. If the value of the skewness is in the range 0.5-0.75 
the cell quality is fair (ANSYS, 2009). Following is the skewness value of the mesh for the 
blade in Figure 3.12. It can be viewed that the values of skewness for most of the element 
including tetrahedral and wedges are in the range of 0.05-0.7. The average value is about 
0.257 and standard deviation of the skewness is around 0.124. In according with the 
relationship between cell skewness and quality, the quality of mesh can be evaluated as good.  
 
Figure 3.12 Mesh metrics skewness for the propeller blade mesh  
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3.4 Boundary Conditions 
Boundary condition and interfaces are an important part in the CFD. After the process of grid 
generation for both domains, the grids were imported into the CFX-Pre respectively. The next 
step is defining the types of the domain, boundary conditions and interfaces. The main 
purpose of setting boundary conditions is to set properties on surfaces of the domain.  
Both stationary and rotating domains are the main fluid domain analysis types. The rpm of 
the propeller is 10,000 and rotating domain was set as the same rpm as that of the propeller. 
The axis of rotating domain is the same as that of propeller. Defining boundary conditions 
includes locations and types. Commonly available fluid boundary conditions include inlet, 
outlet, opening, wall and symmetry in CFX. The boundary condition selection is one of the 
key tasks in the CFD. Inlet, outlet, wall and the opening conditions are the main types used in 
this study.  
For all simulations the flow in domains was treated as air at 25 C under 101,325 Pa 
reference pressure in the fluid definition and domain model tabs respectively. Under the fluid 
models tab SST turbulence model was adopted. A heat transfer model is used to predict the 
temperature though the fluid flow. The fluid is considered isothermal for the simulations. An 
inlet normal speed boundary was imposed in the propeller axial direction. The magnitude of 
the velocity components is the cruise speed of the propeller. In this research the inlet velocity 
U∞ is treated as 0 m/s in hover condition. In addition, the angle of attack α of U∞ is 0 degree 
in hover condition. A turbulence intensity of 5% was prescribed at the inlet of the stationary 
domain. The turbulence intensity did not have significant effect on the thrust value in this 
study. It is suggested that both default domains and default boundary are turned off in the 
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options prior boundary and domain settings. This is very helpful, especially in the ducted 
twin counter-rotating propeller simulations since in some cases CFX can hardly identify the 
right boundary and domain. All boundaries need to be specified in the whole domain.  
The outlet boundary condition was defined at the right side of the stationary domain. A 
reference relative pressure boundary of 0 Pa was specified at the outlet. This reference is 
averaged over the entire outlet surface. On the side surface, opening boundary condition was 
assumed. In the opening boundary condition relative pressure is set as 0 (Pa). The definition 
of the open condition is that fluid can simultaneously flow both in and out the domain. No-
slip wall condition is used for solid surfaces including propeller blade and hub. In addition, 
symmetry condition was used to reduce computational volume. The details of boundary 
conditions are shown in Figure 3.13. 
 
Figure 3.13 Domain, boundary condition and interfaces  
Another important step is defining the interfaces between two domains. In this simulation 
periodicity was used for rotating domain as the interface model. Symmetry boundary was 
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used in the stationary domain, aiming to reduce computational time of simulations. There are 
three pairs of surfaces between these two domains. There are three types of interface, stage, 
frozen-rotor and transient in CFX. This study focused on steady state simulations and frozen 
rotor interface was adopted. The frozen rotor method employs a steady algorithm, where the 
stationary and rotating domains are modelled at a fixed position relative to each other. The 
limit of the frozen rotor is that it does not resolve the unsteadiness of the flow in time. In the 
process of interface definition a general grid interface (GGI) was used in the mesh connection. 
GGI provides the complete freedom to change the grid topology and physical distribution 
across the interface (ANSYS, 2011).  
3.5 Solver Settings  
Solver control has a direct impact on the output for the simulation and post processing. Basic 
settings of the solver include advection scheme, turbulence numerics, convergence criteria 
and time step. The numerical result for single propeller was obtained by steady state RANS 
simulation. The aim of RANS simulations is to gain the mean flow with acceptable precision.  
The advection and turbulence solving schemes are required to be defined to control the solver 
run. Upwind, High Resolution or specify a blend factor to blend between first and second 
order advection schemes can be selected to calculate the advection terms. Upwind scheme 
may suffer from numerical diffusion in the simulation (ANSYS, 2011). High resolution was 
used for advection scheme in order to calculate the advection term in the discrete finite 
volume equation. And high resolution was adopted in the turbulence numerics in order to get 
high level of solution accuracy.  
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The physical time was set as 1 × 10
-3
s. Several settings of physical time may be tried to get 
the converged solutions. The time setting is suggested by the best practise recommendation 
within the range 0.1/ω to 1/ω, where ω is the angular velocity of the rotating domain 
(ANSYS, 2011). The time step influences the numerical iterative process of the solver. It 
means that too large time step leads to inaccurate results and too little time step leads to the 
increase of computational time.  
CFX saves the defined file and move to the solver manager. ANSYS CFX produces a 
residuals plot for the simulations. The convergence criteria are Root Mean Square (RMS) 
values of P-Mass, U, V, W momentums to be of the order 1 × 10
-4
. In most case the order 1 × 
10
-4 
for the convergence criteria is enough for propeller. The number of the iteration for 
achieving a convergence is around 500.  
CFX-solver can monitor the convergence progress of residual, monitor points and force. The 
aim of the research is to get the thrust value of the propeller. The value of these monitored 
variables can be viewed through graphics. The thrust value of the propeller is an integrated 
resultant force which includes surface pressure, shear stress, Coriolis and centrifugal forces. 
The thrust force is monitored by using CFX Expression Language (CEL) in the axial 
direction. In this research X axial direction indicates the direction of the thrust of propeller. In 
hover condition the blade force value stabilized at 6.33 N. The number of blades of single 
propeller is two and the thrust of the single propeller in hover condition can reach 12.66 N. 
Thrust measurements are normalized as thrust coefficient, defined as: 
                                                              
2 4T
Thrust
C
D


                                                            (3.7) 
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The thrust coefficient of isolated single propeller in hover is 3.23×10
-3
. Double precision 
option was selected in the run dialog box. It allows storing basic floating point number as 64 
bit word and increases the mathematical precision in the numerical process. In addition, MPI 
local parallel was used to run the simulation. Local parallel uses four cores on the computer.  
3.6 Grid Independent Study 
Prior to twin counter-rotating propeller with and without duct test, isolated front propeller 
mesh independent study was employed. The aim of grid independent study is show that 
computational result is not dependent on grids. And the study also indicates that the number 
of element is enough to get flow characteristics. Grid independent study is essentially 
increasing the density of grid elements especially in the rotating domain because the study is 
concerned about the blade force. It includes coarse mesh with 1.75 million cells, medium 
mesh with 2.1 million cells and fine mesh with 2.65 million cells for the whole half cylinder 
domains.  
The method of refinement grid is decreasing the size of the element volume globally for the 
rotating domain. The number of grid in stationary domain is around 0.45 million. All mesh 
refinement method also ensures that dimensionless wall distance y+ below 1. It shows that 
the change in thrust is less than 1.0 % as the number of elements increase from medium mesh 
to fine mesh. It is thought that medium mesh is good enough in terms of the number of grids. 
In following chapters medium mesh is the criteria for ducted counter-rotating propeller. 
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Chapter 4 
Ducted Counter-rotating Propellers 
4.1 Duct Propeller Application  
Duct has the potential benefit, protecting rotating propeller damaged by other objectives and 
person being injured by the blades. From aerodynamics perspective, duct propeller or duct 
fan has been proved that it improves the hover performance for total thrust. Duct propeller 
research includes various parameters such as tip clearance and shape of the duct. The shapes 
of the duct design experienced an exploration period. In early research airfoil cross section 
was used for the shape of the duct. For helicopter application ducted tail rotor was used and 
the Figure 4.1 shows the Eurocopter EC130 T2 duct tail.  
 
Figure 4.1 Eurocopter EC130 T2 duct tail (Eurocopter, 2014) 
Duct has also been applied in wind turbines. In terms of the duct wind turbine main advance 
is that it can provide more power compared with conventional bare wind turbine (Ten 
Hoopen, 2009). Duct wind turbine researchers focus on the diffuser shape of the duct. But in 
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early research diffuser shape duct was not the key parameter that affects the thrust value in 
hover performance for single ducted propeller or fan for UAV application.  
Pereira (2008) highlights the shape of the duct as a diffuser and introduces a key parameter 
for determining the performance diffuser expansion ratio σd, which is equal to the ratio of the 
diffuser exit plane area Ae to the area of the rotor disk Ar:  
                                                              σd =  Ae /Ar                                                                (4.1)  
                                                                    Ttotal = Trotor + Tduct                                                         (4.2) 
In addition, in hover condition the total system thrust includes rotor and duct thrust. The duct 
thrust is made of inlet and diffuser components. These two components are functions of the 
diffuser expansion ratio. It is proved that single propeller with enough small tip clearance can 
improve the performance for total thrust in hover condition. Counter rotating open propellers 
also generates more thrust value. It is questionable whether the combination of the diffuser 
configuration duct and coaxial counter-rotating propellers can provide more thrust.  
In terms of the aerodynamics analysis, theoretical method, experiment and CFD method are 
the three pillars. The propeller theory is mainly based on actuator disk theory and blade 
element momentum theory. There is no mature analytical method evaluating the total thrust 
of duct coaxial counter-rotating propellers due to the complex flow interactions between duct 
and blades. Therefore, other two methods are the dominated methods for the topic. CFD 
method is more advanced when the design is in early stage.  
This research continues exploring the effect of diffuser shape duct on counter-rotating 
propellers by CFD. The simulation focus on the effect of diffuser duct propeller. Akturk 
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(2010) used six degrees diffusion angle at the exit in a ducted fan application. Dyer (2002) 
used numerical methods to predict thrust coefficient using three diffusion angle 
configurations. A conical frustum shape is used as exit diffuser in his study. He found that 
thrust coefficient increased as diffusion angle increased by numerical method.  
In this study, the shape of exit diffuser was adopted from Akturk (2010). Three diffusion 
angle configurations were also investigated to predict thrust coefficient. The inlet radius of 
duct is 1.5cm, with 5.5cm diffuser length, as shown in Figure 4.2. The diffuser length and 
inlet radius are fixed. Initially 6 degree diffuser angle was adopted. Larger diffuser angle 
configurations were selected to evaluate the diffuser angle effect, as shown in Figure 4.3.  
    
Figure 4.2 Duct cross section configurations for twin ducted counter-rotating propeller  
    
Figure 4.3 Duct with large diffuser angle: left (15.2 degree); right (24.4 degree). 
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4.2 CFD validation  
A validation with experiment results in literatures is required to assess the current CFD 
approach in Chapter 3. The validation consists of three stages. The first test is the ducted tail 
rotor. The second test is a ducted fan system in hover condition. The third test is a ducted 
counter-rotating propeller in UAV application. In the following sections, the validation stages 
will be discussed.  
4.2.1 Ducted tail rotor   
Lee and Kwon (2004) used a simplified model to simulate the Ka-60 helicopter shrouded tail 
rotor, as shown in Figure 4.4. They applied inviscid CFD code to measure the thrust in hover 
condition compared with experiment result. They over-predicted about 8% difference to the 
experiment result. The thrust measured by wind tunnel test in literature was 87.96 N. The 
normalized thrust coefficient is 0.010. The radius of the rotor is 29.7cm. The tip clearance 
gap is 0.01R. Diffuser duct has been applied in the model and the diffuser angle is 4 degree. 
The diffuser length is 0.7R. The length of the hub is the same compared with rotor radius.  
 
Figure 4.4 Simplified configuration of shrouded rotor (Lee and Kwon, 2004) 
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A CAD model was built based on the model with NACA23012 airfoil, as shown in Figure 4.5. 
The chord length of the blade is 6.22cm. The rotor has total 11 equally-spaced blades around 
the hub and a linear twist of -12 degree from root to tip. The current CFD approach is applied. 
The whole domain was made of rotating and stationary domain by multiple reference frames 
method. The inner domain is slightly larger than the diameter of rotor. The length of the 
stationary domain is about 18 times of the diameter of the rotor. The height of the stationary 
domain is 6 times of the rotor diameter. The outlet boundary was placed about 10 times of 
rotor diameter behind the duct. Only one blade is required to be modelled due to the 
periodicity feature.  
 
Figure 4.5 Shrouded tail rotor model based on literature  
The unstructured mesh was used for grid generation. The prismatic layers were used to model 
the turbulence boundary layer. The boundary layer was very thin and the thickness is about 
one thousands of airfoil chord length (Sengupta, 2015). First layer thickness method was used 
to generate boundary layers. The first layer thickness was set as 2×10
-6
m. There are total 10 
single layers along the wall. SST turbulence model was applied with steady state simulation. 
Under the SST turbulence model y plus less than 1 was also achieved for blade first cell, as 
shown in Figure 4.6. Y plus less than 5 is to model the viscous sub-layer near wall treatment. 
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Figure 4.6 Y-plus values at rotor surface  
The tip speed of the rotor reached 74.6m/s. The tip Mach number was around 0.22. 
Compressibility effect is ignored. The rpm of the rotor is 2,400. The physical time was set as 
4×10
-3
s which is related to the angular velocity of blade.
 
Totally 1.05 million elements were 
generated for one blade domain. Frozen rotor interface was applied between the domains 
interface. The boundary conditions are based on Chapter 3. In hover condition the inlet 
velocity was set as 0 m/s. A reference relative pressure boundary of 0 Pa was specified at the 
outlet boundary. No slip wall boundary was used at blade, hub and duct. The periodicity 
boundary condition is required to reduce computational time, as shown in Figure 4.7.  
 
Figure 4.7 Periodicity boundary conditions 
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There are five types of boundary conditions. The residual reached below 10-4 about 800 
iterations. The current CFD predicts 0.011 thrust coefficient, which is about 6.5% difference 
compared with experiment in literature. The difference between CFD and experiment is 
acceptable. 
4.2.2 Ducted fan system 
The second test is a ducted fan. Akturk (2010) investigated the performance of a ducted fan, 
as shown in Figure 4.8. The diameter of the blade is 559mm. The rotor hub radius reached 
63.5mm. The shroud inner radius is equal to 283.21mm. The tip clearance is 1.71% compared 
with blade height. The fan has eight blades. The duct has a diffuser section with axial length 
117.85mm. The diffusion angle is 6 degree. The author investigated the thrust performance 
versus fan rotational speed during hover condition by experiments. Figure 4.9 illustrates the 
thrust coefficient versus fan rotating speed in hover with three different tip clearances. 
 
Figure 4.8 559mm ducted fan system (Akturk, 2010) 
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Figure 4.9 Thrust coefficient versus fan rotating speed in hover (Akturk, 2010) 
A simplified model was built for CFD approach assessment by keeping the diffuser section 
feature and blade configurations, as shown in Figure 4.10. CFD approach is nearly the same 
compared with isolated propeller simulation. There is slightly difference due to the number 
and size of the rotor. The maximum chord length of blade reaches 8.43 cm. The rotor pitch 
angle is 55°. There are total eight blades in the fan. Therefore, periodicity method is required 
to reduce the computational time. One blade is modelled due to the periodicity of whole 
ducted fan. Other boundary conditions are based on isolated propeller simulation in Chapter 3. 
The whole domain was made of rotating and stationary domain by multiple reference frames.  
The SST turbulence model was employed with unstructured mesh. The prismatic layers were 
used to model the turbulence boundary layer. There are also total 10 single layers along the 
wall. The physical time step is related to the angular velocity of blade. In this problem the 
rpm is within (1500-3000). The time step is small with large rpm. For example as the fan 
operates at 1500 rpm the time step is set as 0.005 second. With the 3,000 rpm the blade tip 
velocity reached nearly 87.92 m/s. Compressibility effect is ignored in simulations. In 
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addition the first layer thickness method is used to resolve the boundary layers. Under the 
SST turbulence model y plus less than 1 was also achieved for blade first cell. The total 
element with unstructured mesh reached 1.72 million for one blade domain. The total length 
of the outer domain is about 20 times of the fan diameter. The distance between inlet and 
rotating domain is around 10 times of the fan diameter. The ducted fan systems only with 
1.71% tip clearance were evaluated by current CFD approach. 
 
Figure 4.10 Simplified CAD ducted fan model  
The first case is the system in operating condition (1500 rpm). The normalized thrust 
coefficient value is 0.0131 by CFD. The CFD method over-predicted total thrust 3.5% 
difference compared with experiment in 1,500 rpm operating condition. Large rpm operation 
conditions were also explored by CFD. The physical time step decreases as the rpm increases. 
The thrust coefficient of ducted fan with 1.71% tip clearance versus fan rotational speed by 
CFD approach is shown in Figure 4.11. 
It can be seen that the current CFD method shows high agreement with extracted experiment 
results. Totally six pairs of results are compared. In 3000 rpm operation condition the CFD 
over-predicted 9.6% difference compared with experiments results. In other operation 
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conditions the differences are smaller than 9.6%. In addition power coefficients were 
calculated by CFD approach then compared with experiment in literature. The power 
coefficient of ducted fan with 1.71% tip clearance is shown in Figure 4.12. In 2100 rpm 
operation condition the CFD over-predicted 10.7% difference compared with experiments. 
The difference between CFD results and experiments is acceptable.  
 
Figure 4.11 CFD validations with literature experiments 
One source of error comes from the geometry. The hub in CFD approach was simplified. In 
addition, the blade shape in CFD is based on the aerodynamic portion of blade configuration 
in literature. In the literature blade cross sections were only provided from 0.27-1.0 in terms 
of r/Rtip. The shape near blade root is simplified compared with real duct fan. A blunt 
configuration was used near the hub. The difference did not affect the results significantly. 
These are the main sources induced error compared to the experiment results. In the 
validation process the streamlines generated by current method are also compared with 
literature, as shown in Figure 4.13.  
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Figure 4.12 CFD validations in power coefficient 
  
Figure 4.13 Streamlines comparison: left figure (Akturk, 2010), right one by current CFD 
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4.2.3 Ducted counter-rotating propeller in UAV application 
The current CFD method has also been applied to a ducted counter-rotating propeller. Zhao 
(2009) investigates the performance of ducted counter-rotating propeller in wind tunnel test, 
as shown in Figure 4.14. The diameter of the ducted reached around 16.8cm. The chord 
length of the duct is 9.42cm. The UAV contains a couple of propellers. They are three blades 
(15×10cm) propeller with NACA airfoil.  
   
Figure 4.14 Wind tunnel test for ducted counter-rotating propeller (Zhao, 2009) 
Figure 4.15 illustrates the simplified CAD model for CFD simulation. The wing 
configuration was ignored in CFD. In wind tunnel test both propellers operate at 10,000 rpm. 
Two propellers operate in opposite directions. The total thrust reached 3.5N with 3m/s inlet 
air speed (Zhao, 2009). The normalized thrust coefficient was 9.12×10
-3
. The problem was 
modelled using current CFD approach based on Chapter 3.  
Periodicity boundary was used to reduce computational time for both front and rear 
propellers. The whole control volume was divided into three part, two counter-rotating 
domains and stationary domain, as shown in Figure 4.16. The stationary domain contains the 
duct configuration. Air speed was imposed at the inlet boundary for the simulation. In 
Chao Xu  RMIT University, Australia  
76 
addition the first layer thickness method is used to resolve the boundary layers. There are also 
total 10 single layers along the wall. The first layer thickness was set as 8×10
-7
m. The value 
is so small because the length of blade chord is short. Under the SST turbulence model y plus 
less than 1 was also achieved for blades surface.  
 
Figure 4.15 Simplified ducted counter-rotating propeller UAV model  
 
Figure 4.16 Counter-rotating inner domains 
The total element with unstructured mesh reached nearly 2.85 million. The inner domain is 
slightly larger than the diameter of propeller. The total length of the outer domain is about 18 
times of the duct diameter. The distance between inlet and rotating domain is around 8 times 
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of the duct diameter. The physical time was set as 1 × 10
-3
s.  The time setting is within the 
range 0.1/ω to 1/ω. The residual reached below 10e-4 around 1400 iterations. CFD predicted 
thrust value around 4.13 N. The computational result shows agreement with the experiment 
in terms of thrust coefficient, as shown in table 4.1. The difference is around 11.8%. The 
error is acceptable for the ducted counter-rotating propeller. The CFD validation above 
provides considerable confidence in accuracy for the following ducted twin counter-rotating 
propeller designs and simulations. 
 Thrust (N) thrust coefficient 
Experiment result (Zhao,2009) 3.5 9.12×10
-3
 
CFD Result 4.13 10.76×10
-3
 
Table 4.1 Computational result comparison with literature experiment 
4.3 Design of the Rear Propeller 
The aim of using counter-rotating propellers includes increasing the thrust and torque 
compensation. In addition, one of the purposes of this study is to determine the effect of 
difference between the rear blade pitch angle and front blade pitch angle (∆θi) and propeller 
spacing (S) on total thrust of open counter-rotating propellers. The geometry definition of ∆θi 
is shown in Figure 4.17. The ∆θ value is constant along the blade in one design.  
In this sensitivity study, small degree increment simulations were carried out initially from 
1.5 to 3.0 degree, with 0.5 degree step. Then four values were selected from 1.5 to 67.5 
degree, with 22 degree step. The isolated propeller designed in chapter 3 is treated as the 
front propeller in ducted system.   
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Figure 4.17 Definition of the difference between blades pitch angle ∆θi (23.5 degree 
example); the relation to local twist angles of both propeller blades at r/R 0.3 cross section. 
Both front and rear propellers have the same rpm but in counter rotating directions. The rear 
blade keeps the same chord distributions as from the front blade. Generally local pitch angle 
distribution of the rear propeller blade (βRi) is based on the front propeller blade, with slightly 
greater angles in each cross section. Lee (2010) highlighted the reason is that the lower blade 
operates in the wake of the front blade and greater pitch of rear blade enables a torque 
balance. The relation between βRi and βF was defined as:  
                                                             βRi = βF + ∆θi                                                             (4.3) 
Both βR and βF are functions of r/R. There are four configurations of the rear propeller blades, 
as shown in Figure 4.18. All the four configurations have the same chord length distribution 
in radius direction. Various ∆θi is able to be achieved by using an adjustable pitch propeller 
for the rear propeller in experiment. The definition of S is the distance between roots of the 
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propellers. The propeller spacing is one of the fundamental components of the twin counter-
rotating propeller system which has been tested due to the associated aerodynamic effects. 
 
Figure 4.18 Four values of difference between blades pitch angle 
4.4 RANS Simulations 
4.4.1 Mesh Generation 
Compared with single propeller, the simulation of twin counter-rotating propeller with duct is 
much more complex. The differences include mesh method and boundary condition. Mesh 
strategy focus on both propeller and the duct. The duct also provides thrust. Unstructured 
mesh was also used for twin ducted counter-rotating propellers. The mesh method of rear 
propeller was treated in the same manner of isolated propeller in the ducted twin counter-
propeller simulation. And the difference is that prism mesh is also used at regions near the 
Chao Xu  RMIT University, Australia  
80 
solid surface of duct. For the stationary domain all solid surfaces of the duct are meshed by 
prism method shown in Figure 4.19.  
In this study inflation with first lay thickness method were used. First layer thickness was 
used for the grids near the solid wall to resolve the viscous region flow. For the duct profile 
the layer consists of 7 single layers with 1.05 growth rate. The y+ is shown in Figure 4.20. In 
this study y+ less than 1 was achieved near the solid wall of duct and blades. The 
implementation of wall function was used for all simulations in the following sensitivity 
study. The size of surface mesh was adjusted to achieve y+ less than 1.   
 
Figure 4.19 Stationary domain grids 
 
Figure 4.20 y+ for ducted counter-rotating propellers 
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4.4.2 Boundary Conditions  
Steady state and unsteady state simulations are the main methods investigating counter-
rotating rotor performance. The main advantage of unsteady state simulation is that it is able 
to monitor time dependent variables and capture the unsteadiness of the interaction between 
counter-rotating blades. In this study only steady state simulation was used in the ducted 
counter-rotating propeller simulations to get mean overall flow features. The advantage of 
steady state simulation is the low calculation time. The steady computation results provide 
initial results for the unsteady state simulation. 
The main difference between open propeller simulation and ducted propeller simulations is 
boundary condition at the surface of the rotating domain shroud. Boundary conditions from 
stationary domain are the same compared with those in single propeller simulation. The 
details of the boundary conditions of stationary domain can be found in Chapter 3.  
There are three domains in the ducted counter-rotating propellers simulation: stationary 
domain which contains the configuration of the diffuser duct; two counter-rotating inner 
domains. Interfaces were set as the Frozen Rotor model. Frozen Rotor model is under the 
frame of steady state simulation. The disadvantage of this model is that unsteady effects at 
the frame change interface are not modelled (ANSYS, 2011).  
The surface of the duct, which belongs to stationary domain, is treated as no slip wall 
boundary. In accordance with Thouault et al (2011): the shroud surfaces of the rotor domains 
which were stationary with respect to the stationary frame were treated as counter-rotating 
wall, as shown in Figure 4.21.  
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Figure 4.21 Interfaces in counter rotating domains 
A physical time of 1.0 × 10
-3
 seconds was used. The residual reached below 10e-4 around 
1300 iterations. The monitored residual result can be viewed in Figure 4.22. The simulation 
run takes approximately 14 hours. In some cases residuals may not converge and oscillations 
occur. In that case another convergence standard is the stabilization of monitored total thrust. 
The total thrust stabilized about 1300-1500 iterations.  
 
Figure 4.22 Sample of convergence residuals  
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4.4.3 Diffuser exit angle effect 
Three duct configurations were investigated to test diffuser exit angle effect. The propeller 
spacing was 5.0 cm, with ∆θ1 configuration. Diffuser exit angles were selected as 6 degree, 
15.2 degree and 24.4 degree respectively. The total thrust coefficient with 6 degree diffuser 
angle was predicted as 4.76×10
-3 
by CFD. Figure 4.23 illustrates streamlines of ducted system 
with 6 degree diffuser angle. The flow separation created a recirculating flow region near hub. 
 
Figure 4.23 Streamlines with 6 degree diffuser exit angle 
The simulation above used 7 layers for the duct. A further simulation was performed by using 
10 layers for the duct. It was found that the total thrust coefficient reached 4.77×10
-3
. The 
difference is only 0.2%. Figure 4.24 illustrates streamlines of duct system with 10 layers for 
the duct simulation. The meshing strategy aims to minimize computational cost without 
losing accuracy. It proves that 7 layers for the duct are enough to predict thrust.  
In addition, diffuser angle effect was investigated by using two larger diffuser angle 
configurations, as shown in Figure 4.25. The total thrust coefficient with 24.4 degree diffuser 
exit angle reached 4.90×10
-3
. The total thrust coefficient increased by 3.0 % with 24.4 degree 
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diffuser angle compared with that with 6 degree diffuser angle. Therefore, large diffuser exit 
angle was selected in the sensitivity study in terms of propeller spacing and ∆θ. It may result 
in flow separation in diffuser exit in reality. But from CFD results large diffuser exit angle 
generated more total thrust coefficient compared with small diffuser angle duct configuration.   
 
Figure 4.24 Streamlines of duct system with 10 layers for duct simulation 
 
Figure 4.25 Diffuser angle effect on total thrust coefficient with 5 cm spacing and ∆θ1 
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4.5 Propeller Spacing Effect 
CFX is able to monitor the value of the body and surface force, including force due to 
rotation, shear stress and pressure force integration. The total thrust of the duct propeller is 
made of thrusts provided by both duct and propeller blades. Propeller spacings were chosen 
from 3.5 cm to 24.0 cm. The S/D ratios are from 0.146 to 1.0. Ducted counter-rotating 
propeller with 3.5 cm propeller spacing and ∆θ1 is investigated and viewed as a reference 
design. Then other simulations are carried out, aiming to find the propeller spacing effect on 
the total thrust. The relative position of the front propeller to the duct is fixed and the rear 
propeller moves backwards. The length of the duct was extended as the propeller spacing 
increased. Both propellers work inside the duct.  
In ducted counter-rotating propeller a small propeller spacing step was chosen from 3.5 cm to 
5.0 cm initially, with 0.5 cm increment. Half of vertical cross section of the computational 
domain is coloured by absolute velocity magnitude. The surface streamlines are numerically 
generated, as shown from Figure 4.26 to Figure 4.29.  
 
Figure 4.26 Streamlines and velocity contour with ∆θ1 = 1.5 degree, S = 3.5 cm; 
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Figure 4.27 Streamlines and velocity contour with ∆θ1 = 1.5 degree, S = 4.0 cm; 
 
Figure 4.28 Streamlines and velocity contour with ∆θ1 = 1.5 degree, S = 4.5 cm 
 
Figure 4.29 Streamlines and velocity contour with ∆θ1 = 1.5 degree, S = 5.0 cm. 
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Propellers generate a suction effect and the free airstream is forced to move backwards in the 
wake. The flow separation created a recirculating flow region which is near the hub as show 
in Figure 4.29. Figure 4.26 has the worst thrust performance with ∆θ1, since the direction of 
the flow near the diffuser exit is not along the horizontal axis. In that case the momentum 
across the exit plane was relative small, which leads to low level of total thrust. It can be seen 
that the direction of the flow near exit diffuser changed to be along the horizontal axis as the 
propeller spacing increased from 3.5cm to 5.0cm.  
Vertical cross section streamlines with large propeller spacing to diameter ratio are shown 
from Figure 4.30 to Figure 4.32. Both propellers worked within the duct. The total length of 
the duct was extended as the S/D ratio increased. For instance the total length of duct 
increased to 26 cm as propeller spacing increased from 5.0 cm to 15.0 cm, in Figure 4.31. 
The flow directions of downstream are nearly along the hub in large spacing cases. Flow 
separation near diffuser exit sharp corner was observed in Figure 4.32. 
 
Figure 4.30 Streamlines and velocity contour with ∆θ1 = 1.5 degree, S = 10.0 cm 
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Figure 4.31 Streamlines and velocity contour with ∆θ1 = 1.5 degree, S = 15.0 cm 
 
Figure 4.32 Streamlines and velocity contour with ∆θ1 = 1.5 degree, S = 20.0 cm 
Figure 4.33 illustrates S/D effect on total thrust coefficient of ducted counter-rotating 
propeller with ∆θ1. It can be shown that the total thrust of ducted counter-rotating propellers 
in hover condition is highly dependent on the S/D. The total thrust coefficient in the reference 
design was 4.32×10
-3
. The maximum reached 6.21×10
-3
 when S/D ratio equals to 0.625. Then 
total thrust coefficient decreased as the S/D continued increasing with ∆θ1 configuration.  
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Figure 4.33 Propeller spacing effect on the total thrust coefficient with ∆θ1 
4.6 Difference between Blades Pitch Angle Effect 
The propeller spacing effect on the total thrust of ducted counter-rotating propeller with fixed 
difference between blades pitch angle was investigated above. And in this part the effect of 
difference between blades pitch angle on total thrust was studied. Small degree increment 
simulations are carried out initially with 4.0 cm propeller spacing. Figure 4.34 illustrates the 
difference between blade pitch angle effects on total thrust with 0.5 degree increment from 
1.5 to 3.0 degree. It shows that there is an increasing trend for 0.5 degree increment. The 
value of total thrust coefficient increased from 4.59×10
-3
 to 5.05×10
-3
.  Therefore a larger 
degree increment is required to investigate the ∆θi effect in a wide range. Then four values 
were selected from 1.5 degree to 67.5 degree, with 22.0 degree increment. The effect of the 
difference between blades pitch angle on total thrust are similar with varied propeller spacing.  
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Figure 4.34 Difference between blades pitch angle effect  
Figure 4.35 to Figure 4.37 illustrate the streamlines with 4.0cm propeller spacing as the 
difference between blades pitch angle increases from ∆θ2 to ∆θ4. It can be seen that air speed 
near the rear blade tip increased as ∆θi increased from ∆θ1 to ∆θ2. As ∆θi continued increasing 
to ∆θ3 a recirculating flow area formed near the exit diffuser. The region reduced the air flow 
passing through the diffuser exit cross section. This reduces the total thrust of the UAV 
system. In Figure 4.37 the flow was irregular and the recirculating flow near the rear blade 
blocked the air passing through the diffuser exit area. In addition, the axial velocity along the 
hub in Figure 4.37 is much lower compared with that in Figure 4.35. 
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Figure 4.35 Streamlines and velocity contour with ∆θ2 = 23.5 degree, S = 4.0 cm 
 
Figure 4.36 Streamlines and velocity contour with ∆θ3 = 45.5 degree, S = 4.0 cm 
 
Figure 4.37 Streamlines and velocity contour with ∆θ4 = 67.5 degree, S = 4.0 cm 
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The most significant components measured in ducted twin counter-rotating propeller system 
in hover condition are the thrust and rotor torque along axial direction. Torque value along 
the axis direction is generated by using the CEL. The torque function is able to monitor 
blades torque projected on axis respectively. Other components are required for non-hover 
flight condition such as forward flight. The torque measurement is essential to calculating the 
required power. The relationship between torque and power defined as: 
                                                          Power = Torque ×Ω                                                     (4.4) 
The power was normalized as a power coefficient 
                                                             
3 5P
Power
C
D


                                                             (4.5) 
Figure 4.38 illustrates propeller spacing effects on the total thrust coefficient and power 
coefficient with different ∆θi. It can be seen in figure that the total thrust was also highly 
dependent on difference between blades pitch angle. With propeller spacing 5.0 cm as ∆θi 
increased from 1.5 degree to 23.5 degree the total thrust reached the maximum value, which 
was 29.32 N. The normalized thrust coefficient is equal to 7.5×10
-3
. Then the total thrust 
decreased as ∆θi increased to 67.5 degree.  
In terms of the power coefficient as the ∆θi increases the required power coefficient increases 
as well. The power coefficient of ducted system is also dependent on the propeller spacing. 
The system with ∆θ1 configuration requires the lowest power compared with other 
configurations. The maximum power coefficient of duct system with ∆θ1 configuration is 
about 6.7×10
-4
. As mentioned before the value of total thrust coefficient of the reference 
design reached 4.32×10
-3
. The local highest thrust coefficient with ∆θ1 configuration reached 
6.21×10
-3
. The maximum thrust coefficient with ∆θ2 configuration increased by about 20.0% 
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compared to local highest coefficient with ∆θ1 configuration. The power coefficient is 
1.38×10
-3
 for the maximum thrust coefficient with ∆θ2 configuration, which is almost twice 
compared with that of the local highest thrust coefficient with ∆θ1 configuration. The cost is 
too high for increasing only 20% total thrust coefficient. 
 
Figure 4.38 Propellers spacing effect on total thrust coefficient and power coefficient of 
ducted counter-rotating propellers with varied ∆θi in hover 
It is possible to notice that propeller spacing effects on total thrust with different ∆θi have 
similarity. With varied ∆θ there is maximal total thrust as propeller spacing changes within 
selected range. The system with ∆θ2 holds the advantageous total thrust performance. In 
addition, with varied difference between blades pitch angle, the spacing effect is different. 
For instance with ∆θ2 conditions the propeller spacing effect on total thrust was initially 
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evident from 3.5cm to 5.0 cm then no apparent improvement as the spacing increasing to 
24.0cm. With ∆θ1 and ∆θ3 configurations the propeller spacing effect on total thrust are very 
similar. The local highest total thrust occurred when S/D equals 0.625.  
The ducted system with ∆θ3 configurations demands more power compared with system with 
∆θ1 configuration. However system with ∆θ3 configurations produced less thrust compared 
with system with ∆θ1. Generally with ∆θ4 the total thrust of ducted counter-rotating propeller 
suffered total thrust performance degradations. The power coefficient of system with ∆θ4 was 
almost 1.61 times compared with that of maximum total thrust. The local highest thrust 
coefficient only reached 3.87×10
-3
 with ∆θ4 configuration.  
It is not practical using ducted system with ∆θ3 and ∆θ4 configuration due to thrust 
performance degradation. Generally the ducted system produced lower thrust when S/D 
increased to 1.0. The above is the total power performance of ducted twin counter-rotating 
propeller system. There are two electric motors used in design as the propulsion system. Each 
motor provides different power when the propellers operate with the same rpm. Figure 4.39 
illustrates power coefficient of two propellers respectively with ∆θ1 and ∆θ2 configurations.  
As mentioned in Chapter 2 the input power for isolated propeller, which is used as the front 
propeller in ducted system, is around 300W. The normalized power coefficient is about 
3.18×10
-4
. Propellers required power were measured and normalized in coefficient 
respectively for ducted system with ∆θ1 and ∆θ2 configurations. It was shown that change of 
power coefficients versus S/D ratio for the front propeller is not obvious. For the system with 
∆θ1 configuration power coefficients of the front propeller are averaged around 3.0×10
-4
, 
which is about 94.3% compared with the input power for isolated propeller design. This value 
predicted by CFD is reasonable.  
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Figure 4.39 Power coefficients for ducted system with ∆θ1 and ∆θ2 configurations 
The rear propeller requires slightly larger power compared with the front one because of the 
pitch difference. The power coefficients of the front propeller in ducted system with ∆θ2 
configuration are nearly the same compared with that of the system with ∆θ1 configuration. 
The power coefficient the rear propeller in ducted system with ∆θ2 configuration largely 
increased compared with that in the system with ∆θ1 configuration. Therefore, in that 
condition the rear engine is required to provide larger power to keep both propellers operating 
with the same rpm.   
Figure 4.40 compares the system performance in term of the ratio of thrust coefficient to 
power coefficient (CT/CP) with only ∆θ1 and ∆θ2 configurations. The trends in data suggest 
that the maximum CT/CP ratio occurs when S/D is equal to 0.625 with ∆θ1 configuration for 
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all the ducted models. The ducted system with ∆θ1 configuration produced more thrust per 
demanded power for all models.  
 
Figure 4.40 Ducted system ratio of thrust coefficient to power coefficient  
Figure 4.41 illustrates the streamlines characteristics of ducted system with the maximum 
total thrust. At the diffuser exit edge there is vortex field due to the sharp corner. In addition, 
blade to blade (at r/R = 0.75) surface streamlines are compared between the reference design 
and the maximum thrust design, as shown in Figure 4.42 and Figure 4.43. It can be seen that 
axial velocity relative to the ground increased from reference design to the maximum thrust 
design in Figure 4.41. In this sense, propeller spacing and ∆θi play an important role to 
accelerate the approaching flow more effectively.  
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Figure 4.41 Maximum thrust design streamlines with ∆θ2 = 23.5 degree, S = 5.0 cm 
 
Figure 4.42 Reference design (S=3.5cm; ∆θ1) at r/R = 0.75 surface streamline  
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Figure 4.43 Maximum thrust design (S=5cm; ∆θ2) at r/R = 0.75 surface streamline 
Figure 4.44 illustrates surface streamlines which is relative velocity on blades. The method 
above has limitation in evaluation the maximum total thrust. The sensitivity study is relying 
on CFD results. Only a discrete set of points are known in process. In future research more 
extensive work is required to gain the full functional behaviour.  
    
Figure 4.44 Left: reference design (S=3.5cm; ∆θ1); right: maximum thrust (S=5cm; ∆θ2)  
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4.7 Control Surfaces Design 
Control surfaces design is part of the detail design. Although the configuration of the control 
surfaces was not considered in the CFD method in this research, the CFD results were able to 
provide guidance for the control surfaces design. 
One common characteristic of ducted single rotor configuration UAV is that the position of 
the control vane is next to the trailing end, aiming to fully benefit from the exhaust flow of 
the fan. The exhaust flow of ducted twin counter-rotating propeller is more complex 
compared with that of single ducted propeller. It was found that the characteristic of 
streamlines in vertical cross section was influenced by both propeller spacing and ∆θi in 
computational results.  
Visually the whole flow in the total domain was separated into two steams: one steam with 
the majority of air flow was taken into the duct, which passed through counter-rotating 
propeller; the other stream went along the external surface of duct and then combined with 
the majority flow. The question is whether duct exhaust flow can be used as far as possible 
when conventional flaps, which is a certain distance from the duct trailing edge, is used. 
Three circular planes with same radius and 5cm spacing were placed behind the duct to 
measure mass flow rate ( m ), as show in Figure 4.45. The mass flow rate ( 0m ) on the plane 0 
that was defined exactly next to the duct trailing end indicates the duct exhaust flow. A ratio 
( if ) was introduced in both maximum thrust design and reference design: 
                                                              
i
i
0
m
f
m
                                                                 (4.6) 
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The ratio 1f  equals to 1.011 in the maximum thrust design, which means the mass flow rate 
across plane 1 is slightly larger than that across plane 0. The ratio 2f  equals to 0.992 in the 
optimum design. In this configuration the mass flow rates crossing each plane are nearly the 
same. The duct exhaust flow was adequate used in the maximum thrust design if 
conventional flaps were used.  
 
Figure 4.45 Planes to measure the mass flow rate (S=5cm; ∆θ2 configuration) 
In terms of the reference design, the streamlines in vertical cross section are different 
compared with those of maximum thrust design, as shown in Figure 4.46. A fraction of duct 
exhaust flow near the diffuser exhaust is not in the axial direction. Mass flow rate ratios 
crossing each plane were calculated. In the reference design configuration the ratio 1f  equals 
to 0.96 while the ratio 2f  equals to 0.85. The air flow in orange region, which accounts for 
nearly 15% of total duct exhaust air flow, does not cross the plane 2. Control surfaces did not 
fully benefit from the duct outflow if they were placed at plane 2. It is suggested that in the 
reference design placing the flap control surface close to the trailing edge is able to make full 
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use of the exhaust flow. The characteristic of the streamlines provides guidance in the process 
determining the position of tail control surfaces. 
 
Figure 4.46 Planes to measure the mass flow rate (S=3.5cm; ∆θ1 configuration) 
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Chapter 5  
Open Counter-rotating Propellers 
5.1 Applications 
The application of counter-rotating propellers includes electrical motor UAV, helicopter and 
engine of transport aircrafts. Coaxial counter rotating rotor system early applied to 
helicopters aiming to eliminate the traditional tail rotor.  
The key advantage of counter-rotating is that it can increase the thrust value in UAV 
applications. This benefit gains the interesting of UAV designer. And larger thrust value for 
UAV can increase the payload capacity.  
In this paper for the open counter-rotating propeller simulations the propeller spacing is 
selected from 3.5cm to 24.0 cm. The diameter of the propeller D is 24 cm. The S/D ratio is 
from 0.146 to 1.0. The range is the same as that of ducted counter-rotating propeller 
simulations. One of the targets of this study is to compare the system performance of ducted 
counter-rotating propellers with an equivalent open counter-rotating propeller system to 
access the influence of the diffuser duct.  
5.2 Twin Counter-rotating Propeller Simulations 
Total thrust value of counter-rotating propellers with four propeller spacing and four ∆θ is 
evaluated by CFD method. The process is based on the isolated propeller simulation. Due to 
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the difference of blade pitch angle ∆θi between the two propellers, the number of mesh 
element for the rear propeller blade is slightly different in each simulation run. Considering 
the grid independent study for the front propeller in Chapter 3, medium mesh can predict the 
propeller thrust in certain accuracy compared the medium and fine mesh. Therefore, medium 
mesh was employed in the following twin counter-rotating propellers application. The y+ for 
two propellers simulation is shown in Figure 5.1. In this study y+ less than 1 was achieved 
near the solid wall of both blades by using the SST turbulence model. The stationary domain 
is the same as that of in the isolate propeller simulation.  
 
Figure 5.1 y+ for counter rotating propellers 
The inner rotating domain is separated into two counter-rotating parts, as shown in Figure 5.2. 
As the S/D ratio is relative small, which is from 0.146 to 0.208, these two parts are connected. 
These two parts disconnect if the S/D ratio continues increasing to 1.0, as shown in Figure 
5.3. The interface between these two parts is set as Frozen Rotor.  
Boundary setting for the stationary domain is the same as isolated propeller simulation. 
Initially 3.5 cm propellers spacing with ∆θ1 design was tested. The convergence criteria are 
the same as that of ducted counter-rotating propeller. Compared with isolated front propeller 
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thrust in hover, which is 12.66 N, twin counter rotating propeller with (S=3.5cm; ∆θ1) 
provided 17.5N total thrust. The normalized thrust coefficient is about 4.47×10
-3
. It can 
highly improve the thrust performance of propulsion in UAV applications. The thrust of 
isolated rear propeller with ∆θ1 configuration was 12.89 N.  The normalized thrust coefficient 
is 3.29×10
-3
. 
 
Figure 5.2 Enlargement for the rotating domains  
 
Figure 5.3 Rotating domains with large S/D ratio 
5.3 Propeller Spacing Effect 
The propeller spacing S is one of the fundamental components of the twin counter-rotating 
propeller system. Single propeller generates wakes behind the blades. Intuitively the rear 
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propeller operates in the slipstream of the front propeller. Therefore, one of the strategy 
investigates the total thrust value is changing the spacing between propellers. CFX is able to 
monitor the blade thrust generated by front and rear propeller respectively.  
The sensitivity study the propeller spacing is from 3.5 cm to 24 cm. Figure 5.4 shows 
propeller spacing effect on total thrust coefficient of open counter-rotating propeller in hover 
with ∆θ1. As S/D increases from 0.146 to 0.625 thrust coefficient increases from 4.47×10
-3 
to 
6.01×10
-3
 as well in hover. Then total thrust coefficient decreased to 5.82×10
-3 
as S/D 
continues increasing. The local highest total thrust with ∆θ1 configuration reaches 23.5N
 
when S/D is equal to 0.625. The front and rear propellers provide 11.6N
 
and 11.9N 
respectively. The local highest total thrust is lower than the sum of isolated front and rear 
propellers, which is 25.55N. The interaction between open counter-rotating propellers 
deteriorates their thrust production performance with ∆θ1 configurations.   
 
Figure 5.4 Propeller spacing effect on total thrust of open counter-rotating propeller in hover 
with ∆θ1 
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5.4 Difference between Blades Pitch Angle Effect 
This part will investigate the effect of the difference of blades pitch angle ∆θi on the total 
thrust for open counter-rotating propellers. Four discrete values were selected from 1.5 
degree to 67.5 degree with 22 degree step. The front propeller is fixed and the rear propeller 
changes with different ∆θi values. This selected range is the same compared with the study 
for the ducted counter-rotating propeller simulations in Chapter 4. Figure 5.5 shows both 
propeller spacing S and ∆θi effects on the total thrust of open counter-rotating propellers.  
 
Figure 5.5 Propeller spacing S and ∆θi effects on the total thrust coefficient of open counter-
rotating propellers 
It can be shown that open counter-rotating propeller in hover with ∆θ2 holds the advantageous 
in the total thrust performance. Bell et al. (2011) highlighted that a range of the radio of 
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between 0.41-0.65 shown advantages in the total thrust performance. The maximum thrust 
coefficient reached 6.81×10
-3
 with ∆θ2 and S/D = 0.42 configuration. This result shows an 
agreement with the literature research.  
As ∆θi increases to ∆θ4 the system suffered obvious performance degradations compared with 
the system with other configurations. In addition, with varied difference between blades pitch 
angle, the spacing effects are different. For instance, with ∆θ3 configurations, the highest 
thrust reached 5.21×10
-3
 when S/D equals 0.42. However, the system with ∆θ4 configuration 
the highest thrust reached only 3.17×10
-3
 when S/D equals 0.83.  
5.5 Results and Discussion  
The results of 32 designs for the ducted counter-rotating propellers with the SST turbulence 
model and the equivalent cases of open counter-rotating propellers are presented and 
compared. All the results were calculated by the ANSYS-CFX. The propeller spacing and 
difference between blades pitch angle effects on total thrust are investigated. In the 
simulations of the ducted counter-rotating propeller counter-rotating wall was used in the 
shroud of rotating domain for both propellers.  
In the sensitivity study it was shown that the total thrust is strongly influenced by both 
propeller spacing and ∆θi in both ducted counter-rotating propellers and open counter-
rotating applications. The propeller spacing effects on the total thrust are different with varied 
∆θi. There are similarity between the ducted counter-rotating propeller and equivalent open 
ones. Generally the system with ∆θ2 holds the advantageous total thrust performance. The 
system with ∆θ4 shows obvious performance degradation for both ducted and open counter-
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rotating propellers. Because the flow was irregular and the recirculating flow near the rear 
blade blocked the air passing through the diffuser exit area. The ducted system with 
maximum thrust coefficient configuration increased by about 20.0% compared to local 
highest thrust coefficient with ∆θ1 configuration. The power coefficient is 1.38×10
-3
 for the 
maximum thrust coefficient with ∆θ2 configuration, which is almost twice compared with 
that of the local highest thrust coefficient with ∆θ1 configuration. The cost is too high for 
increasing only 20% total thrust coefficient. 
Ducted counter-rotating propeller gains the maximum thrust performance with 0.208 S/D 
ratio and ∆θ2 configuration. In this configuration the diffuser duct improved the total thrust 
performance of equivalent counter-rotating propellers. Visually the whole flow in the total 
domain was separated into two steams: one steam with the majority of air flow was taken into 
the duct, which passed through counter-rotating propeller; the other stream went along the 
external surface of duct and then combined with the majority flow. In maximum thrust 
configuration the flow directions of downstream are nearly along hub, without obvious flow 
separation near hub. At the diffuser exit edge there is vortex field due to the sharp corner. In 
addition, the axial velocity near rear propeller blade tip in the thrust maximum configuration 
was much higher compared with that in reference design. The system with 0.146 S/D ratio 
and ∆θ1 is viewed as a reference design. 
The streamlines of equivalent counter-rotating propeller with 0.208 S/D ratio and ∆θ2 
configuration are numerically generated, as shown in Figure 5.6. An obvious recirculating 
flow region is in the space between front and rear blades. Generally ducted counter-rotating 
propeller with ∆θ2 configurations improved at higher level upon the performance compared 
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with equivalent open ones in hover condition. There is one exception that ducted counter-
rotating with S/D = 0.42 generates less total thrust compared with equivalent open one.  
The ducted counter-rotating propeller system with ∆θ1 configuration and S/D = 0.146 
produced lower thrust than equivalent open one. As the S/D ratio increase from 0.167 to 0.83, 
the total thrust is slightly higher than the equivalent open counter-rotating system. The system 
with ∆θ3 suffered performance degradations compared with open counter-rotating propellers 
when S/D is within 0.146-0.188. Then the diffuser duct improves the performance as S/D 
ratio continued increasing to 0.83. The ducted counter-rotating propeller with ∆θ4, only 
experienced total thrust improvement as the S/D ratio is larger than 0.42. Generally the 
ducted system produced lower thrust than equivalent open one with S/D = 1.0 configuration.        
 
Figure 5.6 Streamlines and velocity contour with ∆θ2 = 23.5 degree, S = 5.0 cm 
The result from this study provides evidence for maximum total thrust of ducted twin 
counter-rotating propeller with propeller spacing and ∆θ effects. However some limitations 
are worth noting. The sensitivity study process is relying on results obtained by CFD. Only a 
discrete set of points are known in the process. In the future research more extensive work is 
required to gain the full functional behaviour of the total thrust.  
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Chapter 6 
Conclusions and Future Work 
6.1 Conclusions 
Ducted fan or propeller is widely used in UAV applications. It is able to provide more static 
thrust compared with single propeller. As discussed by Pereira (2008) and Hrishikeshavan et 
al. (2014), the flow around the duct intake lip causes a region of low-pressure on duct inlet 
surface, which is just above the rotor disk plane. The pressure gradient on shroud inlet 
surface results in an additional lift. Open counter-rotating propeller is another technique used 
in both UAV applications and helicopters. Ducted counter-rotating propeller is a combination 
for ducted single propeller and open counter-rotating propellers.  
In the ducted counter-rotating propeller applications, several parameters may affect the thrust 
value such as propeller spacing, pitch angle, blade configuration, the propeller to duct 
position and the shape of the duct. This paper presents a sensitivity study for the total thrust 
and power performance of a ducted counter-rotating propeller with respect to propeller 
spacing and the difference between blades pitch angle. All cases were compared with 
equivalent open counter-rotating propellers to assess the influence of the duct. This research 
focused on developing a general CFD method modelling and analysing the duct counter-
rotating propeller by UAV application from isolated propeller design to ducted counter-
rotating propeller simulations step by step.  
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From design perspective, NACA 4 series 2412 airfoil was chosen as the cross section for 
simplicity. Javafoil and JavaProp were used to generate the polar and determine the chord 
length and blade angle distribution of the isolated propeller. Then the isolated propeller 
model was built by SolidWorks. Initially isolated propeller 3-D RANS steady state 
simulation was carried out. Unstructured mesh with prism boundary layers was used for 
computational domain with boundary layers. The isolated propeller generated 12.66 N thrust 
in hover. The thrust coefficient of isolated single propeller in hover is 3.23×10
-3
. The isolated 
propeller was treated as the front propeller in the ducted counter-rotating propeller. The rear 
propeller has the same chord length distribution compared with the front one. The blade pitch 
angle of the rear blade and that of the front blade are related.  
Diffuser duct was adopted for the ducted counter-rotating propeller designs. The difference in 
CFD method between open counter-rotating propellers and duct propellers is boundary 
condition. Counter-rotating wall boundary condition is adopted in ducted counter-rotating 
propellers simulation for the rotating domain. Propeller spacing S and ∆θi effects on total 
thrust were investigated. A wide range of propeller spacing was selected from 3.5cm to 24cm. 
S/D ratio is from 0.146 to 1.0. The difference between blades pitch angle is selected from 1.5 
degree to 67.5 degree, with 22 degree increment.  
The conclusions and findings of this study can be briefed as following: 
What effect does propellers spacing (S) and the difference between blades pitch angle 
(∆θi) have on total thrust performance of a ducted counter-rotating propeller system with 
diffuser duct in the hover condition? 
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 The total thrust is highly dependent on both factors. It was found that generally ducted 
counter-rotating propeller with ∆θ2 holds the advantageous in total thrust performance. 
Increasing propeller spacing within small range (from 0.146 to 0.208) results in an 
increase of the total thrust. The total length of the duct was extended as the S/D ratio 
increased from 0.417 to 1.0. Both propellers works within the duct. The S/D effects 
on total thrust performance are different with varied ∆θ. For instance, the total thrust 
coefficient in reference design with ∆θ1 configuration was 4.32×10
-3
. The local 
maximum reached 6.21×10
-3
 when S/D ratio equals to 0.625. Then total thrust 
coefficient decreased as the S/D continued increasing to 1.0. The ducted system with 
∆θ2 holds the maximum total thrust as S/D = 0.208. The maximum thrust coefficient 
reached 7.5×10
-3
. The ducted system with maximum thrust coefficient configuration 
increased by about 20.0% compared to local highest thrust coefficient with ∆θ1 
configuration. The spacing effect of the ducted system with ∆θ3 is similar to the 
system with ∆θ1 configuration. The ducted system experienced performance 
degradation as ∆θi increased to ∆θ4. The ducted counter-rotating propeller system in 
∆θ4 configurations experienced irregular and the recirculating flow near the rear blade 
which blocked the air passing through the diffuser exit area. The power coefficient is 
1.38×10
-3
 for the maximum thrust coefficient with ∆θ2 configuration, which is almost 
twice compared with that of the local highest thrust coefficient with ∆θ1 configuration. 
The cost is too high for increasing only 20% total thrust coefficient. The power 
coefficients of the front propeller in ducted system with ∆θ1 configuration are nearly 
constant versus spacing to diameter ratio. As the ∆θ increased to ∆θ2 the required 
power for the rear propeller largely increased. The change of power required for the 
front propeller is not obvious when ∆θ increased to ∆θ2. A large cost of power for the 
rear propeller is required keeping both propeller operating with same rpm.  
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Is the flow behind the duct adequate to be used for standard aerodynamic control surfaces? 
 Although the configuration of the control surfaces was not considered in the CFD 
method in this research, the CFD results were able to provide guidance for 
conventional control surfaces design. One common characteristic of ducted single 
rotor configuration UAV is that the position of the control vane is next to the trailing 
end, aiming to fully benefit from the exhaust flow of the fan. The exhaust flow of 
ducted twin counter-rotating propeller is much more complex due to the interaction 
between blades and duct. Generally the whole flow in the total domain was separated 
into two steams: one steam with the majority of air flow was inhaled into the duct, 
which passed through counter-rotating propeller; the other stream went along the 
external surface of duct and then combined with the majority flow. The characteristic 
of streamlines in vertical cross section was influenced by both propeller spacing and 
∆θi in computational results. In the maximum thrust design duct exhaust flow was 
adequate used in if conventional flaps were used. Because the mass flow rate on the 
plane, which was in the position of conventional flap, was nearly the same as the mass 
flow rate of duct exhaust flow. However in the reference design conventional flaps 
were not able to make full use the duct exhaust flow as they were placed at a certain 
distance from the duct trailing edge.  
What effect does the duct have on the performance of a ducted counter-rotating propeller 
system? 
 It was found that open counter-rotating propeller in hover with ∆θ2 also holds the 
advantageous in total thrust performance. This is similar with ducted counter-rotating 
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propeller system. The maximum total thrust coefficient reached 6.81×10
-3
 with ∆θ2 
and S/D = 0.42. The propeller spacing effect is slightly difference with various ∆θi. 
For instance total thrust of the designs with ∆θ1 reached local highest when S/D = 
0.625. The ducted counter-rotating propeller only with ∆θ2 improved at higher level 
upon the performance compared with open one in hover condition. With ∆θ1 and 3.5 
cm propeller spacing the ducted counter-rotating propeller produced lower thrust than 
without duct. As the S/D increase from 0.167 to 0.83 the total thrust is slightly higher 
than the equivalent open counter-rotating system. In most other configurations ducted 
counter-rotating propeller suffered thrust performance degradation compared with 
equivalent open counter-rotating propellers when the S/D ratios are within 0.146 to 
0.208. Generally the ducted system produced lower thrust than equivalent open one 
with S/D ratio = 1.0 configuration. The interaction between counter-rotating 
propellers causes a complicated flow structure influencing the system behaviour. The 
interaction between open counter-rotating propellers under ∆θ1 configuration 
condition deteriorates their thrust production performance mutually. For instance, the 
local highest total thrust of open systems with ∆θ1 configuration reached to 23.5N. 
The front and rear propellers provide 11.6N
 
and 11.9N respectively. The thrust of 
isolated single front propeller was 12.66N. The thrust of isolated rear propeller with 
∆θ1 configuration was 12.89N.  The local highest total thrust is lower than the sum of 
isolated front and rear propellers, which is 25.55N. Although the duct partially 
reduces the tip loss of propeller, the interaction between counter-rotating blades 
sometimes dominates the total thrust performance of the ducted counter-rotating 
propeller. The total thrust of ducted counter-rotating propeller system is highly 
dependent on S/D and ∆θ. In terms of total thrust, the presence of a duct did not 
always improve system performance of counter-rotating propellers. 
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6.2 Future Work 
The whole research focused on the approach by CFD method. Only steady state simulations 
were carried out in this research, aiming to reduce the computational cost in preliminary 
design. Unsteady flow sources exit in rotating flows. Although steady state simulation results 
for ducted fan showed highly agreement with experiment in the literature research, the 
limitation is that it did not fully capture the unsteady interactions between the front and rear 
propeller when the counter-rotating domains are connected. In the future research the 
unsteady simulation should be performed and the results will be compared with that of steady 
state simulations. In addition, the model of ducted twin counter-rotating in UAV scale will be 
manufactured and then experiments will be performed. CFD validation will be assessed with 
the experimental data. In addition, the CFD method needs to be extended for non-hover flight 
condition such as forward flight. 
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Appendix A 
The k-ω SST Turbulence Model 
Wilcox (1988) developed the original k-ω Turbulence model. It assumes that the turbulence 
viscosity is linked to the turbulence kinetic energy and turbulent frequency via the relation: 
t
k
 

                                                                                                                               (A.1) 
Two transport equations are solved in this turbulence model, one for the turbulence kinetic 
energy, k, and the other for the turbulent frequency, ω. The stress tensor is computed from the 
eddy-viscosity concept. The k and ω equations are as follows: 
 
  'tj k kb
j j k j
k k
U k P k P
t x x x
 
    

     
       
      
                                          (A.2) 
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j j k j
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
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       
      
                                   (A.3) 
where Pkb and Pωb are the influence of buoyancy forces. The model constants are given as: 
' 0.09  ; 5 / 9  ; 0.075  ; 2k  ; 2  . 
The unknown Reynolds stress tensor, ρ
' '
i ju u , is calculated from: 
Chao Xu  RMIT University, Australia  
123 
2
( )
3
ji k
i j t ij t
j i k
UU U
u u k
x x x
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                                                                  (A.4)    
The main problem with the k-ω model is its strong sensitivity to free stream condition. The k-
ω SST Turbulence Model is based on the k-ω Turbulence model. The proper transport 
behaviour can be obtained by a limiter to the formulation of the eddy-viscosity:  
1
1 2max( , )
t
a k
a SF


                                                                                                             (A.5) 
Where 
t t                                                                                                                               (A.6)  
F2 is a blending function similar to F1. S is an invariant measure of the strain rate. The 
blending functions in CFX solver are slightly different compared with those from original 
model (ANSYS, 2011). Followings are the blending functions from CFX solver:  
4
1 1tanh(arg )F                                                                                                                     (A.7) 
1 ' 2 2
2
500 4
arg min max , ,
kw
k k
y y CD y
 
   
  
    
  
                                                                    (A.8) 
Where y is the distance to the nearest wall, ν is the kinematic viscosity and: 
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2
2 2tanh(arg )F                                                                                                                  (A.10) 
With: 
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y y
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Appendix B 
The following mesh input data is specified for this thesis.  
 
Figure B.1 Details of the inflation setting.  
 
